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I SUMMARY

An experimental investigation was conducted, using the Phillips 2-
inch combustor operated under conditions simulating those in modern aircraft
turbine engines, to determine the effects of differences in JP fuels on flame
radiance and exhaust emissions. Five kerosene-type fuels, spanning the range
in molecular structure (normal paraffins, isoparaffins, cycloparaffins, and
aromatics), were used in the investigation. Two programs were conducted to
evaluate the effects of fuels and operating variables on flame radiance and
exhaust emissions. One program covered a broad r.nge of combustor pressure,
inlet air temperature, and inlet air humidity, with two methods for introduction
of fuel to the combustor (prevaporized and pressure atomized, but was 1uLmited
to a single level of heat-input rate. The other program covered a range of
heat-input ratet, but was limited in range of inlet air temperature and
combustor pressure.

Empirical equations were developed for each of the five responses
(flame radiance, nitric oxide, nitrogen oxides, carbon monoxide, and smoke),
for both programs. The measured values of unbUrned hydrocarbons in this
investigation were either zero or very low and a detailed analysis of the effects
of fuels and operating variables on unburned hydrocarbons was not made. Values
were calculated for the responses of the estimated equations at the extremesof
the ranges of the operating variables used in developing the equations. These
data are presented in graphical form to allow visual comparisons of the effects
of fuels and operating variables.

Major conclusions drawn from the investigation are (a) where fuel
effects are shown an increasa in fuel hydrogen content decreases flame radiance,
decreases smoke emissions, decreases NO, and NO emissions slightly and decreases
CO emissions, (b) differences in performance, resulting from fuel prevaporization,
are variable, usually small, and not always beneficial, (c) an increasein inlet
air humidity decreases flame radiance, decreases NOx and NO emissions, increases
CO emissions slightly where humidity has an effect, and has no effect on snoke
emissions, (d) an increase in inlet air temperature has a variable effect on
flame radiance, decreases smoke, and increases NO. and NO emissions, (e) an
increase in combustor pressure increases flame radiance, increases smoke, and
increases NOx and NO emissions and (f) an increase in heat input rate increases
flame radiance, increases smoke, decreases NO. and NO emissions at a low level
of humidity, and decreases CO emissions except at low inlet air temperature
with low inlet air humidity.

"Distribution Limited to U.S. Government Agencies Only - Test and Evaluation --

June 1973. Other Requests for this Document Must be Referred to: Commanding
Officer, Naval Air Propulsion Test Center, Trenton, New Jersey 08628!?1
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EFFECT OF PREVAPORIZED FUEL ON COMBUSTOR PERFORMANCE

1. INTRODUCTION

During the period from June 19, 1972 to March 19, 1973 an experi-
mental investigation was conducted by Phillips Petroleum Company under Naval
Air Systems Command Contract N00140-72-C-4528 to determine the effect which
differences in JP fuels and operating variables can have on flame radiance
and exhaust omissions of nitrogen oxides, carbon monoxide, unburned hydro-
carbons, and soot.

It has been proposed (1, 2) that prevaporized fuel in aircraft
turbine engines could provide better mixing of fuel and Air than with pressure
atomized fuel and result in less emissions in the combustor exhaust. A number
of studies have been conducted by Phillips Petroleum Company covering various
aspects of radiation from combustion of hydrocarbon fuels (3, 4, 5, 6, 7) and
measurements of smoke emissions (7). Experience gained during these studies
aided in the design of an experimental investigation of the effect of prevaper-
ized fuel on combustor performance (8) which was conducted under Naval Air
Systems Command Contract N00019-71-C-0486.

For the primary program of the previous investigation (8) five fuels
were selected to cover the range of chemical composition of JP-5 fuels.
Operating conditions selected included four levels of combustor pressure, four
lzvels of inlet air temperature, three levels of inlet air humidity and single
levels of heat input rate and reference velocity. The combustor was operated,
using prevaporized fuel, with each of five test fuels at all combinations of
cembustor pressure, inlet air temperature and inlet air humidity. Measurements
were made of flame radiance and exhaust emissions of NO, NOx, CO, C02, hydro-
carbons and smoke. In Reference 8 it was recomended that the test program be
expanded to include the use of pressure atomized fuels to maximize the effect
of differences in the physical properties of the fuels and to extend the
investigation to include additional levels of heat input rates with both pre-
vaporized and pressure atomized fuels.

Quantities of the same five fuels used in Reference 8 were availalse
and they were used in the current investigation. In Program 1 the same 48
combinations of operating variables were used as in the previous investigation
(8). The remainder of the current investigation was conducted with 21 combina-
tions of combustor pressure, inlet air temperature, heat input rate and inlet
air humidity. The five fuels were introduced into the combustor using both
prevaporizatien and pressure atomization. By combining the data obtained in
the current investigation with that ebtained in the previous investigation (8)
direct comparisons can be made of the effedcts of prevaparizcd and pressure

S * atomized fuels on the various respensoe measured. The analysis of these data
is presented in this report,

S. . .. , , i I I I I i
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2. CONCLUSIONS

An experimental investigation was conducted, using the Phillips 2-
inch combustor operated under conditions simulating those in modern aircraft
turbine engines, to determine the effects of differences in JP fuels on flame
radiance and exhaust emissions of nitrogen oxides, carbon monoxide, unburned
hydrocarbons and soot. Kerosene-type fuels spanning the range in molecular
structure (normal paraffins, isoparaffins, cycloparaffins, and aromatics)
were used in the investigation. Two programs were conducted to provide an
evaluation of the effect of fuels and operating variables on flame radiance
and exhaust emissions. One program covered a broad range of combustor pres-
sure, inlet air temperature, inlet air humidity and two methods of introduc-
tion of fuel to the combustor (prevaporized and pressure atomized) was limited
to a single level of heat input for the five fuels. The other program covered
a range of heat input rates but was limited in range for inlet air temperatures
and combustor pressure, Measured values of unburned hydrocarbons in this in-
vestigation were either zero or very low and a detailed analysis of the effects
of fuels and operating variables on unburned hydrocarbons was not made.

A statistical analysis of the data was made and on the basis of the
statistically significant main effects and interactions empirical equations
were developed for the various responses.

The following conclusions may be drawn from the data:

A. Fuel Effects,

a. Where fuel effects are shown, total radiant energy of the
flame decreases with an increase in fuel hydrogen content.

b. At high levels of heat input rate and low levels of inlet
air temperature, smoke emissions decrease with an increase
in fuel hydrogen content, In the other comparisons the
level of smoke was below the threshold of visibility,

c. Fuels, over the range of hydrogen contents included in the
investigation, decrease NO, and NO emissions slightly with
an increase in fuel hydrogen content.

d. At a high level of heat input and a low inlet air tempera-
ture, CO emissions decrease with an increase in fuel hydrogen
content, Fuels had no effect on CO emissions at high inlet
air temperature s.

B. Comparisons with Prevaporized and Pressure Atomized Fuels,

a. At high heat input rates and high combustor pressure, flame
radiance is less with prevaporized fuel than with pressure
atomized fuel at high inlet air temperature, and is greater
with prevaporized fuel at low temperature At 'Low levels of
heat input flame radiance was less with prevaporized fuel.

2
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b. Smuke optical density is loes with prevaporised fuel than
with prcsrwe atomized fuel, when the level is above the
threshold for visible amoke.

c. Only small differences in NOx and NO emissions are shown
between prevaporised and pressure atomized fuel with
prevaporised fuels being the highest.

d. At a high level of heat input a3id low inlet air texperature,
CO emissions are lees with prevaporized fuel. At the lower
level of heat input, CO emissions are higr with prevapor-
ised fuel.

C. Effect of inlet Air Humidity,

a. An increase in inlet air humidity decreases flame radiance.

b. A change in inlet air humidity has no statistically signi-
ficant effect on smoke emissions.

c. An increase in inlet air humidity decreases NO, and NO
emissions.

d. Where inlet air humidity has an effect on CO emissions the
effect is to increase emissions with an increase in
humidity.

1D. Effect of Operating Variables,

a. At a high level of heat input an increase in inlet air
temperature increases flame radiance. At a low level of
heat input, flame radiance decreases with ai increase in
inlet air temperature.

b. An increase in combustor pressure increases flao radiance
by a small amount.

c. At high combustor pressure an increase in inlet asr temper-
ature decreases smoke emissions below the threshold for
visible smoke, and the rate of decrease is less with pre-
vaporised fuel than with pressure atomized fuel.

d. An increase in combustor pressure increases smoke emissions,
and the rats of increase is less with prevaporised fuel.

e. An increase in inlet air temperature increasee NOx and NO
"emissions with the rate of increase being greatest at high
pressure.

f. An increase in combustor pressure increases NIý.And NO
emissions at high temperature, but has only a Alight effect
at lower inlet air temperature.

• "• -• .•.• -• .• .. ... • •3
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g. An increase in heat input rate increases flame radiance,

and the rate of increase is greater with prevaporized fuel.

h. An increase in heat input rate over the range of the experi-
ment increases sacke optical density although the level is

below the threshold of visible Smoke.

i. An increase in heat input rate decreases NO, and NO emissions

at low levels of inlet air humidity, but has little effect at

high levels of inlet air humidity.

J. CO emissions decrease with an increase in heat input rate,

except at low inlet air temperature with low inlet air

humidity.

ii•
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3. RECOMMENDATIONS

It is recomnended that additional data be obtained and a further
study of the data on hand be made to develop a relationship that will provide
a method for correcting gaseou emissions to a standard humidity level.

5
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4,. RE-SUITS AND DISCUSSION

The objectives of this experimental investigation were to determine
the effects which differences in JP fuels and operating variables have on flame
radiance and exhaust amiasions of nitrogen oxides, carbon monoxideunburned
hydrocarbon, and soot. Additional objectives were to evaluate the effect of
nethad of introduction of fuel into the combustor on flame radiance and exhaust
emiissions by the use of prevaporization and pressure atomization of the fuels.
This also provided an evaluation of the effect of physical properties of fuels
on flme radiance and exhaust emissions. Five kerosene-type fuels were selected
to span the allowable range in molecular structure: including normal paraffins,
isoparaffins, cycioparaffins and aromatics. Inlet air humidity was included
as an operating variable in the investigation.

Two programs were included in this investigation:

Program 1 was an extension of the study conducted in the
previous investigation (8) at four levels of combustor
pressure, four levels of inlet air temperature, three
levels of inlet air humidity and single levels of heat input
rate and reference velocity with the current investigation
conducted with pressure atomized rather than prevaporized
fuels.

The remainder of the investigation (Program 2) consisted
of 21 points as shown in Table 5 with both prevaporized
and pressure atomized fuels to evaluate the effect of
heat input rate as an operating variable on flame radiance
and exhaust emissions,

Detailed data obtained during the current investigation are pre-
sented in Appendix 2 (Section 8.). The data obtained with prevaporized fuels
at the 48 combinations of operating conditions used in Program 1 are presented
in Tables 16, 17, and 19 of Reference 8 and have been combined with the data
obtained during the current investigation to permit an evaluation of the
effect of the method of introduction of fuel into the combustor on flame
radiance and exhaust emissions. Analysis of variance techniques were used to
examine the data for flame radiance, smoke emissions, NO., NO, and CO emis-
siona for various combinations of operating variables. Values for unburned
hydrocarbons were either zero or very low for most of the test points and
detailed analyses of the data were not made. Analysis of Variance of data
for the various responses indicate numerous interactions and point by point
comparisons of data for each response would be required for a rigorous statis-
tical analysis. Such an analysis would be very lengthy and tedious. Empiricel
equations were developed for each response on the basis of statistically
significant main effects and interactions. Since fuels interacted with other
variables empirical equations were developed for each of the five fuels for
each of the responses rather than trying to include the fuels in a single
equation.

Two equations were developed for each response with one set of
equations based on the data from Program I and the other set of equations
based or data from the small program to evaluate the effect of heat input rate.

6
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Program 1 consisted of a balanced 4 x 4 x 3 x 2 program with four
levels of cambustor pressure from 7.5 to 15.0 atmospheres, four levels of
inlet air temperature from 400 to 1000 F, three levels of inlet air humidity
from 0.002 to 0.042 pounds of water per pound of dry air and two methods of
introduction of fuel to the combustor (prevaporized and pressure atomized).
The portion of the data with prevaporised fuels was obtained during the pre-
vious investigation (8).

Equations for the small program were based on selected data from the
current investigation and the previous Investigation (8) to provide a balanced
program to evaluate the effect of heat input rate on the various responses.
The program selected was a 2 x 2 x 2 x 2 x 3 program with two levels of inlet
air temperature of 600 and 800 F, two levels of combustor pressure of 10.0 and
12.5 atmospheres, two levels of heat input rate of 150 and 300 Btu per pound
of air, two methods of introduction of fuel to the combustor (prevaporized
and pressure atomized), and three levels of inlet air humidity of 0.002, 0.=22,
and 0.042 pounds of water per pound of dry air. Data with a heat input of
300 Btu per pound of air and with prevaporized fuel were obtained from the
previous investigation (8).

With the wise range and multiple levels of the variables in Program
1 the equations developed provide better estimates (at fixed heat input) of
the values of the responses covered than the equations developed for the small
program. While the equations for the small program provide information as to
the effect of heat input on flame radiance and exhaust emissions interactions
of heat input with other variables complicates some of the relationships.

The estimated equations for the two programs and the five responses
are shown in Tables 18 to 27 of Appendix 3 (Section 9.). A primary objective
of the investigtion was to evaluate the effects of fuels on flame radiance
and exhaust emissions over a wide range of operating conditions. Values of
the responses for each equation were calculated at the extremes of the ranges
of the operating variables used in developing the empirical equations and the
data generated are presented graphically in Figures 13 to 61 in Appendix 3
(Section 9.). These figures provide visual comparisons of the effects of
fuels and operating variables on flame radiance and exhaust emissions. The
information presented on the figures is discussed in detail in Appendix 3 and
the data are summarized in the following paragraphs.

4.1. Fuel Effects

In all graphical comparisons of the e'fects of fuels on flame
radiance and exhaust emissions the fuels have baden listed in the order of
increasing fuel hydrogen content. The range of fuel hydrogen contents
covered was from 13.8 per cent for Fuel D to 15.5 per cent for Fuel E.

The magnitude of the calculated values of total radiant energy vary
with levels of combustor pressure, inlet air temperature, inlet air humidity,
and heat input rate; however, where fuel effects were shown values of total
radiant energy decreased with an increase in fuel hydrogen content.

At high levels of heat input and low levels of inlet air temperature
smoke emissions decrease with an increase in fuel hydrogen content. At low
levels of heat input or high levels of inlet air temperature the level of



"Resarch and Devalopm-.nt TIeport 6532-73

smoke emissions was below the. threshold of rvisble smoke (0.200 optical density)
and fuels had very little effect on the level of morke emissions,

Differenees in fuels had very little effect on NO and NO emistions;
however, where small differences are shown emissions are reauced with an in-
crease in fuel hydrogen content.

At the high level of heat input and an inlet air temperature of 40)
F CO emissions decreased with an increase in fuel hydrogen content. Fuels
have no appreciable effect on CO emissions at higher inlet air temperatures.

4.2. Effect of Meth'd. of Fuel Introdaction to Confbustor

At high heat input rate and high comnbustor pressure total radiant
energy is greater with pressure atomized fuel than with prevaporized fuel at
1000 F and less than with prevaporized fuel, at an inlet air temperature of
400 F. This reversal may be due to poor vaporization of the fuel at the high
pressure low temperature conditions which may have moved the zone of maximum
intensity of radiation down stream away from the area of measu-rement. At the
low level of heat input total radiant energy was greater with pressure atomized
fuel than with prevaporized fuel at all combinations of operating conditions
evaluated.

At the high level of heat input smoke optical density was greater with
pressure atomized fuel than with prevaporised fuel at the high pressure-low
temperature combination of operating conditions. Smoke optical density was
also higher with pressure atomized fuel at the low temperature-low pressure
combination of operating conditions with Fuel D which has the lowest fuel
hydrogen content. In the remaining comparisons the smoke optical density was
below the threshold of visible smoke.

The effect of differences in the method of fuel introduction on NOk
and NO are minor with pressure atomization of fuel providing a small reduction
over the levels of emissions with prevaporized fuels. Under the conditions of
this investigation prevaporization of the fuel did not provide the reduction
in NC\ emissions predicted.

At high levels of heat input and an inlet air temperature of 400 F
CO emissions, with one exception were greater with pressure atomized fuel than
with prevaporized fuel. With the lower level of heat input CO emissions wire
lower with pressure atomized fuel than with prevaporized fuel.

4.3, Effect of Inlet Air Hmidity

With one exception, an increase in inlet air humidity from 0.002
to 0.042 pounds of water per pound of dry air decreasaed total radiant energy.

W.0 statistically significant effect of inlet air humidity on smoke
emissions vras found with any of the five fuels,

An increase in inlet air humidity from 0.002 to O3.42 pounds of
water per pound of dry air decreased NO, and NO emissions. The decrease In
emissions varied with fuels and op-ratiig variables with the magnitude of the
decrease being 'rom 6 to 9 pounds of NO> per 1000 pounds of fuel. The range
S-S

N8
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in humidities is from 10 per cent relative humidity to 100 per cent relative
humidity at 100 F. Ttis range in humidities could be encountered with sea-
sonal asC geographic changes and span the 75 grains of water per pound 3f dry
air that the Environmental Protection Agency is recommending as a standard
humidity. It is apparent that inlet air humidity is an important factor in
WOx emissions; hcmver, additional data are needed to provide a single
correction factor for adjusting the level of NOx emissions to a fiad level.

At the high level of heat input the effect of an increase in inlet
air humidity on CO emissions was small and inconsistent although there was
a small increase in CO emissions with an increase in humidity in most of the
comparisons. In the small program over a narrow range of pressures CO emis-

iaone increased with an increase in inlet air humidity and the rate of increase
was greater at a heat input rate of 150 than at 300 Btu per pound of air.

4.4. Effect or Operatin& Vaiables

Comproiwns of the effects of inlet air temperature, combuator
presure, and heat input rate on total radiant energy and exhaust emissions
were confined to Fuel A which was a typical production JP-5.

At the high level of heat input an Increase in inlet air temperature
from 400 to 1000 F increased total radiant energy and the rate of increase
was greater with pressure atomized fuel than with prevaporized fuel. At the
low level of heat input total radiant energy decreased with an increase in
inlet air temperature from 600 to 600 F. An increase in combustor pressure
from 7.5 to 15.0 atmospheres increased total radiant energy and the rate of
increase was greater with pressure atcmized fuel than with prevaporized fuel.
An increase in combustor pressure from 10.0 to 12.5 atmospheres in the small
program resulted in a small increase in total radiant energy.

In comparisons of smoke optical density at 15.0 atmospheres combus-
tar pressure an increase in inlet air temperature from 400 to 1000 F decreased
smoke to below the threshold for visible samoke. The rate of decrease was
greater with pressure atomized fuel than with prevaporized fuel. In other
coMarisons the level of smoke was below the threshold for visible smoke. An
increase in coibustor pressure from 7.5 to 15.0 atmospheres increased smoke
optical density at the low temperature conditions and the rate of increase in
stoke was greater with pressure atomized fuel than with prevaporized fuel.

An increase in inlet air temperature increased NO- and NO emissions
with the rates of increase being greater at the higher pressure. Increasing
combustor pressure increased NOX and NO emissions at high temperature but had
only a slight effect on emissions at the lower inlet air temperature.

An increase in inlet air temperature decreased CO emissions although
the rate of change varied with operating conditions. An increase in combustor
pressure at high temperature had only a small effect on CO emissions. At the
low temperature conditions CO emissions decreased with an increase in Peemn
with prevaporized fuFl and decreased and then increased with pressure atomized
fuel. This may indicate that fuel vaporizaticn ad combustion at the low inlet
air temperature and high combustor pressure were poor and resulted in incomplete
comb •stion.

9
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An increase in heat input rate from 150 to 300 Btu per pound of air
increased total radiant energy. The rate of increase was less with pressure
atomized than with prevaporized fuels. An increase in heat input over the
range of the experiment increased smoke optical density although the level of
smake was below the threshold for visible smoke. An increase in heat input
rate decreased NOX and NO emissions at low levels of inlet air humidity but
had only a small effect at higb levels of inlet air humidity. CO emissions
were decreased with an increase in heat input except at low inlet air tem-
perature with lew inlet air humidity.

10
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7. APPENDIX 1

(Equipment and Procedures)

7.1. Test Facility

Phillips research facility for testing fuels for gas turbine engines,
pictured in part in Figure 1, has been described in detail by From (9). Air
is supplied by rotary Fuller compressors and filtered by a Selas Vape-Sorber,
both of which can be seen in the foreground. This air is preheated just before
it enters the 2-inch combustor test-way by a Thermal Research heat exchanger.
Fuel and water (when used to control humidity of the combustor air) are
supplied; by nitrogen pressurization of their respective tanks. A portion of
the metering and automatic control equipment can be seen in Figure 2. In
experiments with prevaporized fuel, the fuel is heated in a hot-gas heat
exchanger just before injection into the 2-Inch combustor test-way. Air flow
rates up to 2.0 pounds per second, at inlet air pressures up to 15 atmospheres,
and inlet air temperatures up to 1400 F are attainable.

7.2. Phillips 2-Inch Combustor

Two configurations of the Phillips 2-inch combustor were used during
various phases of this experimental investigation. A scale diagram of the
normal 2-inch combustor for use with atomized fuel is shown in Figure 3. Dia-
grams of the combustor domes used are shown in Figure 4. Dome XIX provides
for the introduction of a stream of pressure atomized fuel with a tangential
flow of air and Dome X provides for introduction of prevaporized fuel with a
tangential flow of air. Design details for the combustors used with pressure
atomized and prevaporized fuels are shown in Table 1. Basically, the combus-
tors embody the principal features used in modern aircraft-turbine engines.
They are straight-through, can-type combustors with fuel atomized by a single
simplex-type nozzle or introduced as a vapor through a tube into the air
stream. The combustor liners were fabricated from 2-inch Schedule 40,
Inconel pipe, with added internal deflector skirts for film cooling of surfaces
exposed to the flame.

The combustors were equipped with sapphire windows aligned with the
primary and secondary air inlet holes of the flame tube as shown in Figure 3.
This permitted transmission of radiant energy in the infrared spectral region
out to five microns to avoid cut-off of significant radiation from flames, as
recommended in Reference 5.

The design of the test-way permitted easy access to the combustor,
instrumentation, exhaust sample probe, and sapphire windows. The combustor
was inspected, cleaned and reconditioned at frequent intervals during the
experimental investigation.

Four chromel-alumel thermocouples were mounted on equal area centers
at the location indicated in Figure 5, to measure exhaust gas temperature. All
thermocouples were housed in *-inch diameter Inconel sheathe for protection.
The exhaust section was jacketed with water to increase durability for opera-
tion with high temperature gases. Figure 5 shows the location of the cascade
holder for six metal strips used to simulate a turbine .t the combustor outlet
and promote thorough mixing of the exhaust gases prior to sampling. The
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location of the exhaust gas sample probe is shown in Figure 5.

The Aerospace Recommended Practice (ARP 1256) of the Society of
Automotive Engineers (10) recommends the use of a mixing probe with a minimum
of twelve sampling points. The exhaust gas sampling probe used in this exper-
imental. program conformed to the SAE ARF 1256.

7.3. Flame Radiation Detector

A Leeds and Northrup No. 8890 double-mirror Rayotube was employed
together with a Leeds and Northrup Speedomax Type G potentiometric recorder to
measure total radiant energy from flames. This Rayotube has a "total radia-
tion" thermocouple-type detector, and was modified by the use of a sapphire
-indow to allow transmission of significant flame radiation out to a wavelength
of five microns, as recommended by Schirmer (5).

This Rayotube contained an internal shunt to compensate for its tem-
perature coefficient. In addition, it was protected by the use of an air
cooled jacket, which served to minimize error caused by transient changes in
teat cell temperature and stabilized the Rayotube housing well below its
maximum allowable level of 300 F.

The Rayotube was positioned, as indicated in Figure 5, to measure
flame radiance from a transverse location across the combustor. It was mounted
on a traversing bracket which allowed for positioning by remote control from
outside the test cell during operation of the combustor at high pressure and
temperature. This made it possible to change the point of observation of the
flame from the primary air-inlet holes (Station No. i) to the secondary air-
inlet holes (Station No. 2) in the combustor, without interruption of the test.
Movement of the Rayotube position could introduce an alignment error. In a
previous study with atomized fuel (6) it was found that with the chosen oper-
ating conditions the location of the maximum flame radiance would remain in the
primary combustion zone (Station No. 1). In the previous study with prevapor-
ized fuel (8) it was found that over the range of conditions investigated the
maximum flame radiance would remain in the secondary combustion zone (Station
No. 2). Thus in the current investigation measurements of flame radiance were
made at Station No. 1 for tests with pressure atomized fuel and at Station No.
2 for prevaporized fuels.

The apparatus used for the calibration of the Rayotube at tempera-
tures up to 2250 F is shown in Figure 6. The black body target was designed
in accordance with Reference 1). to insure a uniform emissivity approaching
one. The target was enclosed in a muffle furnace, controlled at the desired
temperatures. These were measured by means of a chromel-alumel thermocouple
and a Brown potentiometer, and were checked by use of a Leeds and Northrup
optical pyrometer. The Rayotube, with the sapphire window in place to simulate
that of the combustor, was focused on the black body target, the opening of
which simulated that in tho flame tube. The generated emf at the controlled
temperatures was recorded by the Speedomax for development of the temperature-
millivoltage calibration.

For calibration at temperatures from 1900 to 3000 F, a Remmey gas
fired furnace with a high alumina (90 per cent) refractory lining was used.
The furnace cavity was assumed to be black body. The Rayotube, with the
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sapphire window in place, was positioned to view the one cubic foot cavity
through a 2-inch diameter port. In this case the temperature of the cavity
was measured with a Leeds and Northrup optical pyrometer.

The calibration data for the Rayotube used during this study are
given in Table 2 and are plotted in Figure 7. The initial calibration was
made during the investigation reported in Reference 6 and a check calibration
was made immediately prior to the study under the contract recently completed
(8). No significant change in calibration was indicated by the data and the
calibration was used in the current study.

The following equation was developed from the initial calibration
data in Table 2, relating millivoltage (my) and temperature (T) in degrees
Rankine.

log my = -14.9906 + 4.5793 log T

This equation is of the expected form (12) wad was used in calculating the
relationship between recorder scale reading (my) and total radiant energy (W)
from the Stefan-Boltzman Law.

•8

W = 1.797 x 10 T

where: W = radiant energy flux per unit area, Btu/ft 2 /hr,
T = absolute temperature of source in degrees Kelvin and
1.797 x 10-8 = Stefan-Boltzman Constant, Btu/ft2/deg /hr.

The resulting calibration curves, made for Speedomax recorder compensator
settings of 10 and 30 to increase accuracy in covering the range in total
radiant energy of interest, are shown in Figures 8 and 9, respectively. A
Speedomax recorder compensator setting of 10 was used when measuring flame
radiation Intensities in the 15,000 to 150,000 Btu/ft 2 /hr range, and increased
to 30 for measurc•ment of intensities up to 400,000 Ltu/ft /hr.

7.4. Measurement of Emissions

7.4.1. Exhaust Smoke Measurement

A Von Brand snokemeter was used in this investigation to measure
smoke in the combustor exhaust. This meter, which is pictured in Figure 10,
was equipped with a vacuum pump, Whatman No. 4 filter-tape, 2-inch per minute
tape drive, and a 4-inch smoke trace aperature in a heated filter head. A
portion of exhaust gas was passed through a heated line to a vented 500-m-l
flask and samples were removed by vacuum through the heated filter-head to the
moving filter tape. Samples were obtained with a pressure drop of five inches
of mercury across the filter tape.

The relative degree of "blackness" or density of the respective Von
Brand filter tapes were measured with a Welch Densichron and an associated
Relfection Density Unit. The Densichron was calibrated with a Welch Gray Scale
based on MgO = 10O% reflectance or 0.000 Optical Density. The meter scale of
the Densichron may be read in terms of per cent Reflectance or Optical Density.
The Reflectance scale is linear and the Optical Density scale is logarithmic.
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On the basis of previous studies (7), smoke evaluations in these studies were
recorded in terms of Optical Density.

7.4.2. Exhaust Sample System

A sampling system conforming to Society of Automotive Engineers ARP
1256 (10) was used to obtain samples of exhaust gas from the combustor. This
system provided close control of temperature of the exhaust gas sample and
provided a minimum of residence time for the gas in the system. As recommend-
ed, the system included a twelve-point mixing probe to obtain a representative
sample of the gas across the combustor exit. A schematic of the sample system
is shown in Figure 11.
7.4.3. Measurement of CO. NJ. N2Ox. HC andC2

The following instruments for continuous monitoring of gaseous emis-
sions from the combustor were used during this investigation.

A. Beckman Model 402, High Temperature, Ilame Ionization, Total
Hydrocarbon, Continuous Analyzer.
0-10/O-lO0/o-l,000/0-10,000 ppm Carbon (Propane in Air).

B. Thermo Electron Model IOA, Chemiluminescent, Self-Contained,
Continuous Analyzer.
0-l0/0-25/0-l0O/0-250/"-l ,000/-2, 5(0/0-10,000 PPM NO-NOx.

C. Beckman Model 315BL, Non-Dispersive Infrared, Continuous
Analyzer.
0o-00/0-200/0-500 and 0-l,000/0-2,o00/o-5,000 pPM CO.

D. Beckman Model 315 B, Non-Dispersive Infrared, Contingous
Analyzer.
o-6,000/o-30,oo/0-150,ooo ppm Co2 .

A Texas Instruments Servo/Riter ii, 4-channel recorder was used to record the
data from these instruments. A view of these instruments is shown in Figure
12.

At each test point the exhaust emissions were monitored for five
minutes after stabilization of the combustor. Five minute traces were made of
CO, CO2 and hydrocarbon emission measurements and 2j minute traces of NO and
NO, emission data were obtained.

7.4.4. Calculation of Emissions

The measurements of pollutant concentration in the exhaust gas from
an engine have no real meaning when comparing a gas turbine with other power-

- plants. Overall, the gas turbine operates with fuel-lean mixtures; thus, the
emission levels of pollutants are reduced simply by dilution with air. To

* •provide a uniform basis for comparison of emission levels, the measured con-
centrations of emissions were transformed to emission rates on the basis of
pounds of pollutant per hour or Emission lndex based on a weight of fuel
burned.
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The SAE ARP 1256 (10) provides a guide for sampling, measuring and
expressing gaseous emissions from gas turbine combustors. In ARP 1256 it is
recommended that measurements of NO as well as NOx be obtained. Also it is
recommended that emission rates on the basis of pounds of pollutant per hour
as well as Emission Index based on weight of fuel burned be calculated. The
equations in ARP 1256 are based upon concentrations of CO, and hydro-
carbons in the exhaust gas and upon the hydrogen-carbon ratio of the fuel used.
Nitrogen dilution of the exhaust gas sample stream was used to prevent con-
densation of water in the system. Mass emissions on a pounds per hour basis
are pertinent to only the particular engine or combustor from which they were
obtained while Emission Index values provide information that can be adjusted
for engine or combustor size. Mass emissions have been calculated and are
reported but have not been used in comparisons.

7.5. Test Program

A previous investigation (8) was conducted to evaluate the effects
of fuel and operating variables on flame radiance and exhaust emissions from
a combustor operated with prevaporized fuels to minimize the effect of dif-
ferences in physical properties of the fuels. The current experimental
investigation was designed to include the effect of physical properties of the
tes fuels on flame radiance and exhaust emissions from a combustor and to
include heat input rate as one of the operating variables. The effect of
physical properties of the test fuels were minimized and maximized by the use
of prevaporized and pressure atomized fuel introduction into the combustor.

Five test fuels, representing a wide range of compositions, were
used in the previous program (8). Additional quantities of the fuels were
available and were used in the current program to permit consolidation of the
data obtained with that obtained in the previous program. Pertinent physical
and chemical properties of the fuels are shown in Table 3.

The test facility used in this investigation is described in Section
7.1. of this report and the design details of the Phillips 2-inch Combustors
selected for use with prevaporized and pressure atomized fuels are shown in
Table 1.

Four levels of combustor pressure, four levels of inlet-air tempera-
ture, and three levels of inlet-air humidity were used in Program 1 and the
details of the operating conditions are shown in Table 4. These are the same
operating conditions used in the previous program (8) with the exception that
pressure atomization was used ratner than prevaporization of the fuels. Thus
direct comparisons of effects of prevaporized and pressure atomized fuels can
be made. The five test fuels were selected at random at a given combination
of operating variables and the 48 combinations of operating variables were run
in a random order. Inlet-air humidity was adjusted by metering water into a
heat excahanger mounted Ln the inlet-air system between the air heater and the
combustor inlet.

A small program was included in the experimental investigation to
evaluate the effect of heat input rate as an operating variable on flame
radiance and exhaust emissions with both prevaporized and pressure atomized
fuels. The experiment was a 2 x 2 x 3 factorial design with two levels of
combustor pressure, two levels of inlet air temperature and three levels of
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inlet adir humidity. Nine additional combinations of operating variables were
included to provide a measure of non-linear responses and the entire experiment
was conducted with both prevaporized and atomized fuels. Details of the
operating conditions for these tests are shown in Table 5. Pertinent physical
and chemical properties of the five test fuels are shown in Table 3.

Xeasurements were made of flawe radiation and exhaust emissions of
smokeO ' C00, NO NOx, and hydrocarbons. Measurements of flame radiation
were made at &, primary air holes (Station No. 1) for tests with pressure
Atomized fuels and at the secondary air holes (Station No. 2) for tests with
prevaporized fuels. Flame radiance measurements were made using equipment
described in -section 7.3. Determinations of exhaust moke were made with the
Von Brand smoke meter as described in Section 7.4.1. The exhaust samples for
determinations of gaseous emissions (CO, C%2, NO, N0x, and hydrocarbons) were
diluted with about two parts of heated nitrogen, as shown in Figure 11, to
eliminate condensation of water in the test instrzments. The instruments and
techniques for measuring gaseous emissions are described in Section 7.4.3.

I

-'



RESE51ARCH A~y E4VtGPEtcEPOfl? SG2-23

APPEND IX I

4,L

20.



rt~sEARCH AND DEVELOPMENT RrEPOKIT 6512-73
APPEWl

~~t~iit

0

0

AW 0

I-.

z
0

IV\

ANIEI UIEU

21



ftC5CARCH AND OEVIELOPMKWTr RLPORI 6 513-~7)

A-jfl

48
"'Nu

CL

a:t

z. N SL

*1

S~ in-

~ 'N> l22



RESEARCH AND 0EYKLOPMENT RCP*Ofr St 2-73

f APPENVIX I

DOME

FUEL

AIR

oome x FUIEL- -

FIGURE 4
PHILLIPS 2-IN4CH COMBUSTOR DOMES

23



iF

Research and Develonment Henort 6512-73
Aov-endix 1

TABLE 1

DESIGN DETAILS OF PHILLIPS 2-INCH CLfBUSTOR FoR STUDY OF FLAME RADIATION

Vail Combustor NumberSVariable 4 5 71

Do-e 0 onfi-ruration X XIX
Air Inlet Diameter, in. 0.875 0.781

Inlet Tyre Tanvert Tangent
"Hole Diameter, in. 0.250 %.250
!h.inber of Holes 6 6
Total Hole Area, sq. in. 0.205 0,295
' Total Combustor Hole Area 7.808 7.808

Fuel Tube Diameter, In. 0.250 .*§
Penetration, in. 0.000 ...
Exit Tyne Ooen go$

Vuel •!ozzle
Ty-e ... Simnlex
S3nray Pattern ... Semi-Solid Gone
Snra" Anirzle, deerees ... 45

%'lare Tube Conrivuratlon v
Ist Station

Hole Diameter, in. 0.375 0.375
Total Number of Holes 4 4
,total Hole Area, sq. in. 0.442 0.442
4 Total Combustor Hole Area 11.699 11,699

2nd Station
Hole Diameter, in. 0.375 0.375
Total Yumber of Holes 4 4
Total Hole Area, sq. In. 0.442 0.142
I,' Total Combustor Hole Area iI.6Q9 11.699

-3rd Station
Hole Diameter, in. 0.625 0.625

Total Number of. Holes 4 4
Total Hole Area, sq. in. 1.224 1.224
1 Total Comihustor Hole Area 32.398 32.398

Vall Coolins- Air
Hole Diameter, in, 0.125 0.125
Holes/Station 16 16
Number of Stat5.ons 7 7
Total Number ol Holes 112 112
Total Hole Area, sq. In. 1.325 1.375
• Total Combustor hole Area 36.394 36.394

Total Combustor Hole Area, so. in. 3.778 3.778
I Cross Sectional Area 142.1 142.1
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TABLE

CALi-RATI(N DATA PFO TMY'AL RADIATION PYRuWINER

Initial Check
Callbration, Calibration,

Te-mer;tture, F millivolts millivolts

1230 .04 0.57
1300 .0. 0.67
1395 0.93

00.91
1485 O.. i,16
160o 1.53

1695 .. 1~
1810 z 33

R117 2o 0
1900 2.Q6 (a) ...

1929 4. 2t90
2000 6.. 3.37
2020 3.48
2025 3.;5
2055 3.9,R (a) *..
2100 *.4 4.09
2200 4.83
2245 .;:42
2720 11.76 (a)
2.800 13.00 (b)
2989 15.71 (a)

",I otes

(a) Points taken in Remmey Furnace

(b) Leeds and Northrup factory calibration point
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TABLE 4

P IiLLFPS ?2-iC 1 COFUflt tF-'.ATjb(: C" i f ,' " 4 2. 1 ta

Inlet Inlet Inl:t -uel • owU . .....
T Test Conbustor Air Air Water A B C b E
Cone. Pressure, Temp., Plow, Flow, wJ-67 BJ-67 14-67 qJ-67 B6-7,
N o. atm FP 1 I-Is ec IVL =z9GZ .A -9-112 0,.134 -8-Al

1 ?.5 400 0.8 2 ... 51.6 51.0 51,5 r2.3 48.2
2 7.5 4000 o.8 62.2 50.0 49.4 49.8 ro.6 k6 17
3 7.5 4o0 0.838 120.7 48,5 4!8.0 48.3 49,j 4,.

"4 7.5 6oo 1.724 . 41.4 41.8 42.4 39.2
57.5 600 0.701 50.5 40.6 40.l 40,.4 41.1 Y,?9

6 7.5 600 o.68o Q7.9 39-3 38.9 39.2 39.8 36.8

7? 7•.5 B.oo o,6o0 35.2 34.8 35.1 35,7 32.9
7. 8 0..90 42.5 34.1 33.8 34.0 34.6 31.9

9 765 8o0 0.572 82.4 33,1 32o? 33.0 33,1c 30.9

10 7,5 1 0o 0,525 30o.4 30.0 30.3 30.R 28.4
1i 7,S 1000 r.,C9 36.6 29.4 29.1 29.4 29.8 27.5

12 7.,5 1000 0.'93 71.0 28.5 28.2 28.4 28.9 26.7

* • 13 10.0 400 1.19 o 68.8 68.1 68.6 69,7 64.4
14 10.0 400 1.15 82.8 66.5 65.8 66.3 67., 62.2
15 10.0 1 400 1.12 161.3 64.8 64.1 64.6 65.6 6c,6

16 10.0 600 0.965 .. 55.8 55.2 55.7 56.6 52.2
17 10.0 6o0 0,935 67.3 54.1 53.5 53.9 54.8 50.6
JP 10.0 600 0.907 13,o.6 52.5 51.9 52.3 53,2 40.1

19 10.0 800 0.812 ... 47.0 46.5 46.8 4,.6 43.9
20 10.(1 800 0.,787 56/.7 45.5 45.0 45.4 46.1 42.6
21 10.0 800 0.763 109.0 44.1 43.7 44.0 44.7 41.3

22 10.0 1000 0.701 ... 40.6 40.1 40.4 41.1 37.9
23 10.0 1000 0.679 48.9 39,3 38.8 30.2 39.8 36.7
24 10.0 1000 0.658 04.8 3A.1 37.6 38.0 383.6 35.6

(a) Reference Velocity . 140 ft/sec.
Heat Input 300 Btu/Ib air.
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TAbIE 4 (ContI.ued)

PHILLIP?; 2-I1!CH Ciou'BUSfTa OPE0?ATIIN COIDITIJA!3 FOR T-, .. ujP UF E? .. tgw2 Lai

Inlet In1-t In l et Fue.l Flow, jz/.hr
STest Cn-bustor Air Air 'Wa.ter A B C D E
Cond. P-rssure, Temo., Flow, FlowI, itJ-67 J- --? B-67 BJ-t7 JV-71
No, atir F 2b~ec zQ1rA Ah -9Gý 2==ý ~:.

25C; 12.5 400 1.49 ,,, P6,2 85.2 86.0 . 7.3 `10.6
26 12.5 400 1.44 103.7 83.3 82.4 83.1 f4.4 ?7.9
2? 12.5 Lon, 1.40 zoi.6 111.0 80.1 80.8 82.0 7 5.7

28 12.5 6o0 1.21 , ? r'.,o 69.2 69.8 70.9 65.4
29 12.5 600 1.17 24, ,2 67.7 66.9 67.5 68.-6 63.3
30 12.5 600 1.11 159.8 64.2 63.5 EA, o b5.0 60.0

31 12.5 800 1.02 ... 59.0 58.4 58.8 59.8 %<.2
32 12.5 Boo ).904 70.8 56.9 6.,3 ,6.8 57, "-3.2
33 12.5 Boo o.94 1370o 55.2 5.6 55.0 55,.9 51.6

34 12.5 1000 0.876 .. 50,. 50.1 50.5 5{ i ,4
35 12.5 1000 0.849 61.1 49.1 48.6 41,O 49.p 45r.

36 12.S 1000 0.823 118.5 4-7.6 47.1 47.5 441.2 44.5

3? 15.0 400 1.78 .,. 103.0 101.8 102.7 1ft.3 9;.3
38 15.0 400 1.73 124.6 10O,1 99.0 99.8 !01.4 P3.6
39 15.0 400 1.68 1.9 9q.2 96.1 P6.9 9q.L4 90Q.9

40 15.0 600 1.45 . 8. 83.9 83.0 83.6 s5.O 78.4
41 15,0 6oo 1.0 100.98 81.0 80.1• 0.8 82-. 70.7
42 150. 600 1.36 195.8 78.7 77.8 78.5 79,7 73,?

43 15,0 800 1.22 70.6 Q•.8 70.4 71.5 66.0
44 15.0 8oo 1.18 6 BO 6." 67.5 68.1 69.2 63.8
45 15.0 800 1,14 164.2 65.9 65,2 65,8 66.8 61.7

Z6 15.0 1000 1.05 ... 60o7 60,1 60.6 61.5 56,.6
47 15.0 1000 1.02 74 5,0 58.4 43.3 59,8 rv2
48 15.0 1000 0.988 14-.3 57.2 56.5 57.0 57.9 53.4

(a) Reference Velotity 140 ft/see.
Heat Innut 3-00 Btu/lb air.

S. .36
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PIHIUJFIP$ 2-W1,CH CUIBUýThr 0PS-ATINGr CuVJ-Tjo(#POf t C tjF &LcS(a')
"(Prevaiorized and Pressure Atomized Fuels)

Inlet Inlet . Fuel Flow, A ba-/4r
Test Air Water A B C D E
Crnd. Test Flow, Flow, PJ-67 BJ-67 b J-67 BJ-67 - B -7t
No. Cndltlwis lbs/see ILh .2-G -q4A -:92-i12 -9-44 -A

49 PI V F1 F 0.65 , 27.9 27.6 27.8 28.3 27.5
S3 P P H' 0 Q5 67.3 27.70 26.;3 27.0 27.4 26.6

1; P T F82 01907 13o.6 26.2 26.0 26.2 26.6 2,78

50 P, F HI 0.812 ... 23.5 23.2 23.4 23.8 23.1
-5 PIi F1  1 0.787 S6.7 22.8 22.5 22.7 23.1 22.4
s p4i 0.763 109.0 22.2 21.8 22.0 22.4 21.7

51 P T F H 1.21 35.0 34.6 34.9 35.L 34.4
55 P 2 T1 V1H 1. 17 If ;4.2 33.8 33.5 33.8 34.3 33.359 ip2 & T 1  1.13 162.7 32.7 32.3 32.6 33.' 32.2

2 -. 1 2

52 P 2 F- 1 0 1.02 29.5 29.2 29.4 29.9 29.0
56 • F1 H o0,984 7o.A 28.5 28.2 28.4 283.8 28.0
56 2 2 TF H2 0.Q54 137.4 27.6 27,3 27,5 28,0 27.2

61 P T F H• .962 6q.3 41.? 41.3 41.6 423 41.1
66 P4 T H'1 0.641 46.2 27.8 27.5 27z7 28,2 27.4
67 P 0 Tg F4 i4 1.28 92.2 55.5 54.9 55.j4 56.3 54.7

68 P4 T0 F H 1.30 q3.6 56jL 55.8 56.2- 57.1 55.5
69, p P 3T F H 0.764 55.0 . 32. 33.1 33.6 32.6
64 P4 T3 9 H0 0.992 ... 43.0 42.6 42.9 43.t 42.4

V442 0
65 P 4 T 4 •0.933 13.9 40.5 40,0 4o4 41.0 39.8
63 P 4 T 4o1 0.962 69.3 18.6 18.3 18.5 18.8 18.3
62 P4 74 F3 H1 0.962 69.3 64.9 64.2 64.8 65.8 63.9

(a) Reference Velocity = 140 ft/sec..(combustor Pres., PO -w 7.5, P, - 10.0, P2 -12.5, P3 15.0, P4 - 11.25 atm.

Inlet Air Temp., To - 400F, T1 - 600F, T2 - -RQOF, T3 - 1000F, T4 - 7OOF.

Heat lnnut, F0 - 100, FP w 150, F2 - 22C., F3 - 350 Btu/lb air.

Inlet Air Humidity, H - 0,2, HI - 2.2, 8iz = 4.2 lbs H20/lb dry air x 100.

Inlet Terpnerature of P'revaporited Fuel - 700F.
Combustor Configuration No. 45 for Prevanoriz.d Fuel.
Combustor Confiauration 14o. 71 for Pressure Atomnied Fuel.
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8. APPENDIX 2

(Experimental Results)

P.I. Flame Radiation

Rayotube readings obtained at each test point during the inveatiga-
tion were converted to total radiant energy values using the calibration
curves shown in Sect-ion 7. and the va.'a•e are prceer.t.d ir Tables 6, 7, and
8. The data presented in Tables 6 and 8 were obtained with pressure atomized
fuels and the Rayotube readings were obtained at Station No. 1 of the flame
tube. The Rayotube readings with prevaporized fuels are shown In Table 7 and
the readings were obtained at Station No. 2 of the flame tube.

8.2. Exhaust Smoke Measurements

Smoke optical density measurements were obtained with each fuel-
operating variable combination as indicated in Section 7. and the data are
presented in Tables 9, 10, and 11.

8.3. Gaseous Emissions

The concentrations of C02, CO, NO, NO , and hydrocarbons in the
diluted exhaust gas at each combination of fuels and operating variables were
measured using the continuous monitoring instruments described in Section 7.
and the data are shown in Tables 12, 13, and 14. The mass of emissions in
lb/hr and the Emission Index in lbs/l000-lbs of fuc. were calculated for each
test point as described in Section 7. and the data are shown in Tables 15, 16,
and 17.
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TAcL• 6

DATA FUR .- T L7 •JEL3 A) OpA .RA.TING VARIAB3LES ON FLArE IATION(a)

Inlet Inlet Fame Radiation With Fuel§ c•
Test Combustor Air Air A B C D E
Cond. Pressure, Tempo., Humitdity, BJ-67 BJ-67 BJ-67 BJ-67 BJ-71
-No. atm L(l -- -8-Al

1 7.5 400 0.2 78.8 46.3 56.6 82.8 37.7
2 7.5 400 2.2 67.1 42.3 61.8 87.6 3-.9
3 7.5 400 4.2 61.3 34.0 54.0 76.7 27.0

4 7.5 6oo 0.2 107.2 83.4 103.7 110.6 59.2
5 7.5 600 2-.2 95.2 62.5 90.1 39.7 55.4
6 7.5 600 4.2 87.8 58.1 79.3 87.8 45.9

7 7.5 800 0.2 137.8 109.2 133.3 164.2 8q.2
8 7.• 5 800 2.2 128.7 97.3 124.0 150.2 ?9.2

9 7.5 800 4.2 102.6 67.8 96.6 125,3 57.0

1o 7.? 1000 0.2 170.7 132.4 163.3 174.2 116.5
11 7.5 1000 2.2 1.52.1 115.3 145.9 175.0 100.6
12 7.5 1000 4.2 138.1 106.3 130.5 162.0 88.4

13 10,0 400 0.2 66.6 38.5 59,5 95.8 39.9
14 10.0 400 2.2 47.5 29.5 45.7 58.7 32.8
15 10.0 400 4.2 37.0 24.8 36.7 46.3 27.4

16 10.0 600 0.2 119,7 91.7 100.3 130.6 61.0
17 10.0 600 2.2 11P.6 77.4 95.4 104.8 61.5
18 10.0 600 4.2 97.5 67.7 91.9 118.0 54.1

19 10.0 800 0.2 157.9 126.2 14'7.3 171.8 121.1
20 10.0 800 2.2 137.7 111.4 131.0 149,7 97.1
21 10.0 800 4.2 125.6 99.0 116.5 143.2 85,9

22 10.0 1000 0.2 202.6 172.9 192.3 194.3 156.5
23 10.0 1000 2.2 182.3 149.9 177.6 197.4 135.6
24 10.0 1000 4.2 169.0 133.4 162.0 181.9 119.9
(a) Reference Velocity 140 ft/sec.

Heat Innut w 300 Btu/lb air.

(b) Lbs HO/lb dry air x 100.

(c) Total Radiation ?yrometer (Rayotube), Btu/ft 2 /hr x t0-3.
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TABLE 6 (Contin~ued)

JDATA 'OTR %F kFf F L- A:;J UP:RATIJ'.G VARIA-BLES ON FAL RAujIA'iO4aj

Inlet Inlet Flame Radiation With Fuels (C)
Test C onbustor Air Air A B C D E
:hond. sretire, Temn., Humidity, BJ-67 BJ-67 BJ-67 BJ-67 BJ-71

P. tftn F If (jj b) -- 2 j9A -9-G 12 -9-4 =II

25 12.5 40o 0.2 123.5 50.4 78.0 99.6 54.3
26 12.5 400 2.2 69.1 37.8 62.2 83.6 45.3
27 12.5 400 4.2 49.8 31.0 51.1 63.4 34.1

28 12.5 60o 0.2 143.9 95.3 149.5 161.7 115.2
29 12.5 600 2.2 122.7 65.6 101.1 138.4 76.2
30 12.5 600 4.2 79-3 45.3 78.0 100.7 56.9

31 12.5 800 o.2 186.0 166.0 177.8 194.9 155.6
32 12.5 800 2.2 168,9 140.4 164.8 179.2 131.9
33 12.5 800 4.2 151.8 127.9 148.8 167.8 116.7

34 12-5 1000 0.2 216,9 186.9 221.6 231.1 185.2
35 12.5 1000 2.2 194.0 168.9 183.3 199.0 163.6
36 12.5 1000 4o2 183.2 144.2 174.2 198.3 .141.7

37 15.0 400 0.2 143.0 10?.? 144.1 146.2 113.0
38 150 400 2.2 138.7 102.2 128.3 139.7 92.0
39 15.0 400 4.2 118.3 87.9 115.1 130.7 69.5

40 15s0 600 0.2 160.9 136.8 163.0 166.0 131.3
41 15,0 600 2.2 149.3 120.6 143.4 147.6 112.8
42 15.0 600 4,2 133.8 10S.5 123.2 141.5 95.4

43 15.0 800 0.2 204.5 183.6 201.7 212.0 182.3
44 15.0 800 2.2 187.9 134.1 183.2 197.1 169.1
45 15.0 800 4.2 165.2 106.7 159.5 181.3 134.5

46 15.0 1000 0.2 233.5 210.0 224.3 240.8 200.2
47 1-,0 1000 2.2 213.8 189.6 208.0 222.6 186.5
48 15.0 1000 4.2 199.8 176.7 190.6 210.0 172.1

(a) Reference Velocity = 140 ft/sec.
iHeat Innut - 300 Btu/lb air.

(b) Lbs H2 0/lb dry air x 100.

(c) Total Radiation Pyrometer (Rayotube), Btu/ft 2 /hr x 10-3.
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TABLE 7

DATA FOR EFPECT OF FUELS Ak1D OPERATING VARIABLES ON fTA".E RADIATION a

Inlet Heat Inlet FLame Radiation With Fuels (c)
Test Comb. Air Input, Air A B C D ECond. Pres., Temp., Btu/ Humid., BJ-67 -6 BJ-67 -67 J-71
No. atm F lb air % (b 9 - 5 12 -G4 -8-Al

49 10.0 600 150 0.2 21.5 20.9 21.9 22,2 21.1
53 10.0 6o0 150 2.2 22.2 20.2 22.3 23,2 21.4
5? 10.0 600 150 4.2 20.3 19.0 19.6 19,8 19.1

50 10.0 800 150 0.2 21.8 20.6 21.6 11.0 21.6
54 10.0 800 150 2.2 19.9 18.8 19.8 18.4 19.5
58 10.0 800 150 4,2 19.6 19.1 20.3 20.7 19.7

51 12.5 600 150 0.2 22.5 22.0 23,6 27.2 41.9
55 12,5 600 150 2.2 29.4 26.5 4;.1 30.8 48.5
59 12.5 6On 150 4.2 22.3 30.6 44.0 22.7 69.3

52 12.5 800 150 0.2 23.6 23.4 33.3 24.9 24.6
56 12.5 800 150 2.2 21.3 23.2 23,7 21.5 22.0
60 12.5 800 150 4.2 20,3 21.4 20,9 20.2 21.5

61 11.25 700 225 2.2 76.9 56.3 104.9 88.0 68.4
66 7.5 700 225 2.2 60.7 41.1 56.7 68.5 48.9
67 15.0 700 225 2.2 125.7 128.9 85.9 114.1 76.1

68 11.25 400 225 2.2 86.5 58.1 79.5 99.7 75.2
69 11.25 1000 225 2.2 67.9 58.0 76.7 76.5 61.9
64 11.25 700 225 0.2 92.4 65.6 91.5 98.6 85.0

65 11.25 700 225 4.2 57.0 43.8 90.7 4(0.2 51.4
63 11.25 700 100 2.2 10.9 10.8 11.0 10.7 10.9
62 11.25 700 350 2.2 238.9 151.1 179.9 250.2 199.2

(a) Riference Velocity - 140 ft/sec.
(b) Lb-s H20/lb dry air x 100.
(c) Total Radiation Pyrometer (Rayotube), Btu/ft 2 /hr x 10-3.
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,;ABLE 8

iDATA FOR EFFWT OF FLELS AND OPERATIIG VARIABLES ON FLAME RADATION (a)(Pressure Atomized FueJ)5

Inlet Heat Inlet Flame Radiation with Fuels (c)
Test Comb. Air InDut, Air A B C D E
Cond. Pres., Temp., Btu/ Humid., BJ-67 BJ-67 BJ-67 BJ-67 BJ-71
No, atm F lb air I ) - 5 - :2Z4 -841

109 1.0 600 150 0.2 111.0 76.4 111.8 123.3 71.9
1.53 101 600 150 2.2 90.7 62.6 89.4 108.8 58.7

57 10.0 60o 150 4.2 66.9 46.6 65.6 79.2 44.1

50 10.0 800 150 0.2 72.5 52.9 74.7 72.0 52.7
54 10.0 80o 150 2.2 58.5 47.8 61.8 64.a 48.9
98 bO.c 800 150 4.2 54.3 44.4 54 4 58.5 43.6

51 12.5 600 150 0.2 123.1 85.5 131.3 150.3 84.9
55 12.5 600 150 2.2 98.1 71.8 102.5 123.9 (9.6
59 12.5 600 1.50 4.2 80.8 56.3 84.4 100.4 55.3

52 12.5 800 150 0.2 106.1 77.9 102.0 132.7 72.7
56 12.5 800 150 2.2 80.0 57.9 80.8 93.8 59.5
6D 12.5 800 150 4.2 69,4 52.4 69,8 77.2 55.8

61 11.25 700 225 2.2 176.5 120.2 171.4 196.9 113.7
66 7.5 700 225 2.2 89.3 51.8 89.0 114.8 49.9
67 15.0 700 225 2.2 201.4 164.6 192.2 217.8 157.2

68 11.25 400 225 2.2 119.9 80.7 116.7 143.4 68,9
69 11.25 1000 225 2.2 175.8 122.5 170.6 200.4 126.5
64 11.25 700 225 0.2 198.6 152.1 197.6 222.1 144.2

65 11,25 700 225 4.2 147.9 99.1 141.7 174.0 94.7
63 11.25 700 100 2.2 31.9 31.5 33.6 30.3 33.9
62 11.25 700 350 2.2 144.4 113.8 133.6 159.7 100.7

(a) Reference Veloit-y - 140 ft/sec,
(b) Lbs H2 0/lb dry air x 100. 2
(c) Total Radiation Pyrometer (Rayotube), Btu/ft !hr x 10-3

'.4
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4AT 5W iJ L3 DOPEPkTI!;G VARIkiiLýS Lk; SX jý1- iLf ý a
-- ('Pro,-ran "1)

Inlet Inlet Smoke OnticalDensitv With Fuelss -L)

Test Combustor Air Air A B C D E

Cond. Pressure, Temp., Hiumidity, W-67 BJ-67 BJ-67 BJ-67 BJ-71

No. atm F I, (b) _--Z -2A5 2 f 12 -9-G04 .-B-At

1 7.5 400 0.2 0.292 0.174 0.208 0.351 0.100
2 7.5 400 2.2 0.045 0.000 0.000 0.39? 0.000
3 7.5 400 4.2 0.000 0.084 0,031 0,364 M,0r3

?.5 600 0.2 0,072 0,088 0.092 0.016 0.003

9 7.5 600 2.2 0.186 0.050 0.138 0.115 0.052

6 7.5 600 4.2 0.204 0.169 0.265 0.338 0,060

7 7.5 800 0.2 0.171 0.101 0.154 0.184 0.061

8 ?.5 100 2.2 0.169 0.141 0.174 0.219 0.063
9 7.5 800 4.2 0.572 0.070 0.114 :. 193 0.027

10 7.5 1000 0.2 0.064 0.031 0.049 0.054 0.014

1.1 ?.5 1000 2.2 0.000 0.030 0.048 0.071 0.020
12 ?.5 1000 4.2 0.022 0.040 0m062 0.108 0.027

13 10.0 400 0.2 0.220 0,105 0.202 0.282 0.082

14 10,0 400 2.2 0.190 0.,076 0.196 0.253 0.072

15 10.0 400 4.2 0.116 0.0" 0.107 0.178 0.060

16 10.0 600 0.2 0.268 0.209 0.210 0.320 0.059
17 10.0 600 2.2 0.324 0.208 0.276 0.300 0.180
11B 10.0 600 4.2 0.310 0.176 0.226 0.330 0.082

19 10.0 800 0.2 0.172 0.144 0,162 0,021 0.111

20 10.0 800 2.2 0.210 0.168 0.200 0.230 0.100
" 21 t0.0 800 4.2 0.258 0.170 0.220 0.282 0.094

"22 10.0 1000 0.2 0.030 0.011 0.046 0.080 o.o14

23 10.0 1000 2.2 0.04-8 0.026 0.057 0.071 0.021
24 10.0 1000 4.2 0.052 0.033 0.052 0.072 0.007

(a) Reference Velocity = 140 ft/sec.

Heat Innut -300 Btu/lb air.

(b) Lbs H20/lb dry al2 x 100.

(c) Von Brand Smokemster.
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Amnendix 2

TAbLE. %*(Continued)

DAfA t-FF:-"'T OF W D ... N .X....3T HCK(a

Inlet Inlet Snnke Ontical Density With Fuels LC
Teht Co-Otistor Air Air A B C 1 E

-•Crn.Pressure, Ta,ýT.., Humidlity, BJ-6? WJ-6? Bj -67. BJ-67 iO -? 1

0. at!l F 19 (bL -- -- C2 9? -8-Al

25 12.5 4o0 0.2 0.300 0.l•3 0.240 0.300 0.145
25 12.5 4,)n 2.? 0.236 0.1I6 0.222 0.282 0.114

12.5 400 4.2 0.078 0.072 0.202 0.250 0.024

23 12.5 60n 0.2 0.224 M,9oS 0.103 0.218 0.110
29 12.5 600 2.2 0.182 0.077 0.148 0.178 0.074
30 12.5 600 4.2 0.110 0.031 0.122 0.161 0.058

-41 12.5 800 0.2 0.157 0.1p?2 0.133 0.172 m.066
32 12.5 Ro0 2.2 0.005 0.150 0.187 0.185 0.127

S33 i? .5 800 4.2 0.170 0.18? 0.234 0.228 0.102

'4 12.5 11000 0.2 0.009 0.007 0.006 0.014 0.004
35 . DO0 2.2 0.037 0r. o43 0C3 0.016 0.019

36 12.5 ,)00 4.2 0.030 0.015 0.035 0.0-0 0.012

1- 15.0 400 0.2 0.-25 0.432 0.440 0,555 0.--32
33 15.0 400 2.2 0,450 0.360 0.445 0.520 0.29R
30 15.0 400 4.2 o.500 0,o4O 0.545 0.660 0.3?0

40 15.0 600 0.2 0.4QO 0.LL45 0.465 0,5%0 0.3"0
41 15.0 600 2.2 n.490 0.395 0.455 0.5-0 0. 33
42 1 5.0 600 4.2 0.430 0.349 1.419 0.475 0.304

43 i1.O 800 0.2 0.200 0.123 0.175 0.197 0.063
-ý4 15.0 300 2,2 0.165 0.076 0m147 0.158 0.158
t45 13.0 100 4,o2 0.125 0.O' 0.118 0.152 0.060

46 15.0 1000 0.2 0.015 0.044 0.005 0.000 0.000
47 15.0 1000 2.2 0.000 0.037 0.000 0.051 0.-25
48 15.0 1000 4.2 0.051 0.032 0.049 0.070 0,018

(a) Reference Velocity 14r ft/sec.
* iHeat in•'ut - 300 Btu/lb air.

(b) Lb's i12 Oilb dry air x 100.

(c) Von Brand Sm kemeier,
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DATA FOR EFFCT OF FUELS AIDJ OP&RATING VARIABLES ON EX.iA•i SIOKj
(Prevarorized Fuels)

Inlet Heat Inlet Si-ke C•tical Density With FI.uels (c)
Test Comb. Air Input, Air A B C D z
Cond. Pres., Temp., Btu/ Humid., BJ-6? BJ-67 BJ-67 BJ-67 BJ-71
No. atm F lb air % (b .9G1 -2z -8-Al

49 10.0 600 150 0.2 0.062 0,052 0.056 0.075 0.0,40
53 10.0 600 150 2.? o.o66 0.034 0.054 0.073 0.042
57 10.0 600 150 4.2 m.o13 o.oo4 m.0oo 0.056 o.ooo

50 10.0 800 150 0.2 0.019 0.002 0.007 0.021 0.003
54 10.0 800 150 2.2 0.01o4 0.06 0.012 0.014 0.003
S10,0 900 150 4.2 0.017 0,003 0.025 0.036 0.006

51 12.5 600 150 0.2 0.068 0,041 0.030 0.384 0.082
55 12.5 600 150 2.2 0.145 0.075 0.140 0.080 0.170
-9 12.5 600 150 4.2 0.100 0.100 0.210 0.100 0.260

52 12.5 R00 150 0.2 0.038 0.026 0-043 0.060 0.027
56 12.5 800 150 2.2 0.018 0.010 0.015 0.02? 0.011
60 12.5 800 150 4.2 o.019 0.013 O.016 0.01? 0.012

61 11.25 700 225 2.2 0.163 0.135 0.285 0.176 0.142
66 7.5 700 225 2.2 0.188 0°085 o.168 0.190 0.126
67 15.0 700 225 2.2 0.238 0.290 0.124 0.200 0.125

68 11.25 400 225 2.2 0.252 0.150 0.320 0.300 0.222
69 11.25 1000 225 2.2 0.053 0.038 0.040 0.035 0.036
64 11.25 700 225 0.2 0.168 0.125 0.140 0.152 0.150

65 11.25 700 225 4.2 0.146 0.080 0.258 0.069 0.130
63 11.25 700 100 2.2 0.007 0.003 0.005 0.005 0.006
62 11.25 700 350 2.2 0.320 0.135 0.188 0.345 0.255

* (a) Reference Velocity - 140 ft/sec.
c s H20/1b dry air x 100.

SVon Brand Smokemeter.
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TABLE 11

DATA FCF EFFECT OF FJELS AND OPERATING VARIABLES 0 E JSAUST SMOKE (a)
(Pressure Atomized Fuel.)

Inlet Heat Inlet Smoke Optical Dnsity With Fuels (a)
Test Comb. Air Innut, Air A B C D S
Cond. Pres., Temp., Btu/ Humid., BJ-67 BJ-67 BJ-67 BJ-67 BJ-71
No,! atm. F l air % LbL. -92G2 =2-A 5 =2- 4.094 48A1

r9 10.0 600 150 0.2 0.025 0.008 0.026 0.028 o.o06
453 10. 600 150 2.2 0.025 0.014 0.023 0.038 0.005

57 10.0 600 150 4.2 0.000 0.010 0.010 0.025 0.000

50 10,0 800 150 0.2 0.000 0.000 0.000 0.000 0*000
54 10.0 800 150 212 0.000 0.000 0.000 01000 0.000
58 10.0 800 150 4.2 0.000 0.0 0.000 O'On0 0.000

51 12,5 600 150 0.2 o.x16 0.004 O.18 0.018 0.006
55 12,5 60o 150 2.2 m.o16 0.005 0.010 0.028 0.002
59 12.5 600 150 4.2 0.026 0.004 0.018 0.038 0.004

* 52 12.5 o00 150 0.2 0.000 0.003 0.005 o.0o6 0.0oo
S56 12.5 -OO 150 2.2 0.004 0.000 0.005 0.003 0.000

60 12.5 800 150 4.2 0.000 0.000 0.000 0.002 0.005

* 61 11.25 700 225 2.2 0.108 0.046 0.09? 0.104 0.032

56 7.5 700 225 2.2 o.o14 0.004 0.005 0.016 0.005
67 15.0 700 225 2.2 0.09k 0.087 0.100 0.132 0.058

68 11.25 400 225 2.2 0.191 0.102 0.143 0.200 0.082
69 11.25 1000 225 2.2 o.004 0.000 0.o04 o.o07 0.004
64 11.25 900 225 0.2 0.090 0.0;4-0 0.074 0. OQ? 0.0 2V

65 11.25 700 225 4,2 0.076 0.030 O.o84 o0o86 0.023
63 11.25 700 100 2.2 0.000 0.000 0.000 0.000 0.000
62 11.25 700 350 2.2 0.320 0.260 0.310 0.370 0.220

a Reference Velocity - 140 ft/sec.
Lbs H2 0/lb dry air x 100.

(c) Von Brand Snokemeter.

I

j 48

•"7E



Research and Develoment Rep~ort 6512-73

TABLE 12

DATA FOP EF•F•C' U? FJELS AND OPSRATfPl VARIABLItS CT U Mzi$SIO.N,0S (a

Inlet Inlet Raw EmissIons in Diluted Exhaust Gas,
Test Comb. Air Air Sample Concentratin Il PPY (c)
Cond. Pres., Temp., Humid.,, (d) (d) (e
N4o,. atz P () e 029 00 NO Wi

I 7.5 4oo 0.2 A 32,200 12,500 75,4 17.3 20,6 0
B 31,900 11,900 68,7 15.4 19.8 0.1
C 33,300 12,600 71,4 16.2 20.6 1.5
D 33,000 12.600 77.0 18.0 20.3 1.1
E 30,100 11,300 58.0 1LL,8 19.8 0

2 7.5 400 2.2 A 33,000 12,800 77.6 11,5 14.7 1.1
B 31,500 13,200 74.1 10.0 14.2 1.0
0 32,800 12,800 78.6 11,3 15.1 1.0
D 33,100 11,800 81.0 12.7 13.1 0
9 30,400 11,4o00 66.7 10.3 14.3 1.0

3 '5 400 4.2 A 31,900 12,000 72.2 8.5 11.9 1.4
B 32,200 12,000 88,0 7.8 10.9 2.1SC 32,500 12,500 76.5 9.1 11,9 1.4
D 32,500 12,500 85.6 11.0 11.3 1.4
E 30,400 11,440 64.8 10.1 10,8 1.6

4 7.5 600 0.2 A 30,900 11,500 37.4 25.9 32.1 0
"B 31,100 11,100 44,7 23.3 29.2 0
C 30,800 11,300 45.9 23.5 30.1 0

$D 30,800 11,500 44.4 27.0 31.3 0.3
E 28,400 10,400 37.1 23.1 29.2 0

5 7.5 600 2.2 A 32,400 12,100 44.2 17,7 21.4 0
B 29,700 11,300 39.1 V.9 2.4 0

o 31,400 11,80o 42.4 18.6 23.0 1.0
D 30,800 11,300 141.9 12.0 21.4 9.4
E 29,100 11,100 35,2 17,9 21.8 1.0

6 7.5 600 4.2 A 30,500 11,500 4C.3 13.2 16.0 1.1
B 28,600 11,200 36.8 12.1 15.6 1.2
o 29,600 11,600 42.7 12.7 15.8 0
D 30,300 11,200 257.9 13.0 15.5 39.7
E 27,900 11,700 33.0 11.9 15.6 1.0

(a) Refereýnee Velocity = 140 ft/see.
Heat Input - 300 Btu/Ih air.

(b) Lbs H20/lb dry air x 100.
(r) Diautjd with 2-parts N2 per I-Tart of exhaust gas.
(d) measured as NO.
(e) Measured as carbon.
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Anpandix 2

i.ABk 12 (Continued)

!ATA FS £FFiOR C •9 FUEL5 A>iJD CP•.FATIG VARLIBL&ES- it EI3SIONS (a.)

(Prn;rram 1)

Inlet Inlet Raw Emisslons in Diluted Exhaiust Gas,
Test Comb. Air Air S&amile Concentration In PPM (c)
Cond. Pres., Temp., Hu'ld., Goz, (d) (d) (I )

7 7.5 300 U.? A 30,700 11,700 24.2 44.3 47.0 0
B 30,200 11,400 23.5 43.6 47.6 0
C 32,300 12,100 24.5 4?7.0 51.2 0
D 31,500 12,100 24.5 47.0 50.6 0
B 28,900 11,080 23.0 44.7 48.2 0

8 7.5 800 2.2 A 31,600 11,700 24.6 35.1 38.7 0
B 30.600 11,400 23.8 32.1 35.2 0

C 32,200 12,100 25.2 34.4 37.9 0
D 31,900 12,100 26.5 35.4 37,9 0
SE 29,500 11,000 26.5 32.9 35.8 0

9 7.5 800 4.2 A 31,400 12,120 22.5 25.9 26.1 0.2
B 30,900 11,300 21.0 23.8 24.6 0
C 31,600 11,200 22.4 25.1 26.6 0
D 32,800 12,100 22.7 25.2 26.2 o
E 29,000 11,000 21.0 23.6 25.3 0

10 .7.5 1000 0.2 A 31,200 12,600 19.0 89.1 91,4 0
B 29,800 12,100 12.3 88.3 93.8 0
0 31,600 12,700 10.0 96,8 io:.6 0
D 31,900 12,700 9.5 97.4 101.3 0
E 28,800 11,800 10.0 90.3 96.9 0

11 7.5 1000 2.2 A 30,800 12,600 15.7 65.8 '68.5 0
B 30,600 12,300 17.4 64.7 66.4 0
C 31,500 12,800 15.2 67.8 69.8 0
D 30,700 12,300 19.7 68.1 70.2 0
E 28,800 11,400 20.1 64.9 67.2 0

12 7.5 1000 4,2 A 31,600 12,1OO 17.9 39.9 42.5 0
B 30,300 11,900 20.6 33,.3 40.1 0
C 31,600 12,500 20.8 41.7 42.6 0
D 31,900 12,400 20.5 4o.9 42.4 0
g 29,800 11,200 20.8 39.4 41.3 0

(a) Referenne Vel•:ity = 140 ft/sec.
Heat In-ut = 300 Btu/lb air.

(b) Lbs H20/lb dry air x 100.
(c) Diluted with 2--arts N2 ner 1-part of exhaust gas.
(d) Measured as NO.
(e) Measured as carbon.
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Appendix 2

TAIZ 1 (Cont inued)

Inlet Inlet Raw Emissions In Diluted Exhaust Gas,
Tent Comb. Air Air Savle Concentration ii PW4 (C)
Cond. Pres., Temp., Humid., 00,(d) (d) (e)
No. atm F' j(b F'uel C:4 03A - 0 N o

13 10.0 400 0.2 A 31,000 11,300 33,8 18.9 22.7 1.0
B 30,400 11,800 35.4 16.6 21.3 0
0 31,300 11,800 37.8 16.6 21.5 0
1D 32,400 12,260 43.6 18.8 22.0 0.3
E 28,500 10,800 30.0 16.7 21.0 0

14 10,0 400 2.2 A 30,200 12,900 56.4 13.2 15.0 1,2
B 28,4•0 11,000 50.8 11.1 13.8 1.2
C 32,800 12,500 59.0 12.0 14.3 1.2
D 30,800 13,100 62.5 14.4 16.4 1.2
E 29,200 11,100 49.9 11.1 14.1 1.2

15 10.0 4oo 4.2 A 30,800 12,7Po 59.7 11.3 I1.1 1.7
"B 29,800 12,600 80.5 10.2 11.1 3.5
G 30,600 11,700 65.9 9.4 10.6 1.6
3D 31,700 12,000 72.5 9.8 11.0 1.8
S 28,400 11,300 52.8 10.0 10.2 1.3

S16 10.0 6oo 0.2 A 30,800 12,800 38.0 31.4 32.9 1.O
B 30,100 12,800 35.6 27.0 32.1 1.0
C 31,700 13,300 33.7 32.5 35.9 1.0
D 31,700 13,500 42.3 34.5 3U.5 1.0
E 20,500 12,500 27.4 30-3 33.7 1.0

17 10.0 600 2.2 A 31,500 13,000 37.7 21.9 24,3 1.1
B 30,500 13,500 32.7 22.7 23.9 1.0
C 32,300 13,300 37.8 21.9 24.2 1.0
1D 31,700 13,300 38.2 23.9 24.1 1.0
E 29,000 12,200 30.7 20.1 23.2 1.0

18 10.0 600 4.2 A 31,000 12,900 32.7 15,3 16.9 1.0
B 31,000 12,600 33.0 13.6 16.1 1.1
C 31,900 13,200 34.5 17.0 17.5 1.0 2

D 31,500 13i000 36.4 17.4 17.5 1.0
S 29,700 12,000 28.0 15.4 16.2 1.1

* (a) Reference Velocity - 140 ft/sec.
Heat Input - 300 Btu/ib air.

(b) Lbs H2 0/lb dry air x 100.
c) • Diluted with 2-tarts of N2 ner 1-tart of exhaust gas.
d) Measured as NO.

(e) Measared as carbon.
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TA .BLE_12 'Continued)

UAT¶ FOR ELFECT :LF thi•L hJD uPE4ATING VARIABL:- !* 0 ,I2OjS (a)

Irlei inlet Raw Smizs!ou5 in Diluted Exhaust Cas,

Test Conb. Air Air samrpe Concentration in PP_ C.

Cond. Pres., Ten., Huwmid. CO Td T pKc)

-o t4 F ý,_(b~ Fuel _Nd_

i 1(0.0 FO0 5.2 A 32,000 12,400 15.0 52.0 4i.1 0.2

R 29,300 11,300 14.3 r1.2 93,8 0

0 -2,p00 12,L00 19.8 52.3 53.8 0
D 31,1m0 12,300 16.1 53.0 53.5 0
E 29,100 11,300 16,8 48.7 51,4 0

20 IC;.C a00 2.2 A 32,600 12,P00 20.5 37.6 39.8 0

B 30,600 11,900 20.4 36.7 37.9 0

C 32,700 12,800 20,8 40.8 41.0 0

D 32,600 12,700 21.0 41.3 '1.? 0

E 30,100 11,900 18.0 37.7 39.6 0

21 1O.0 R00 4.2 A 32,000 12,300 17.0 25.9 27.2 0

B 31,400 11,800 17.0 26.0 26.2 0

m 33,900 12,?00 19.3 28,1 29.1 0

D 33,500 12,900 18.7 27.5 27.0 0

E 29,900 11,500 16.4 26.8 2?.0 0

22 10.0 1000 0.2 A Z8,100 .2,200 15.2 -0.2 P6.4 1.1

B 27,000 11,(c00 12.8 c94.4 90.2 1.1

C 30,600 t2,900 13.8 97.1 102-3 1,0

D 3-L,200 o Lt,TCO 12.0 104.0 109.2 1.0

E 27,000 11,400 12.3 86.6 q3.4 1.0

23 10.0 1000 2.2 A Q,9000 12,400 13.2 66.2 69.9 1.0

B 29,3C0 12,200 ii.9 61".f 68.7 0

C 30,500 12,1C 12,1 6b.? 72.4 0.7

D 30,600 12,30C 12.4 71,0 73.3 0
E 2V,000 11,800 12.5 66.0 6c.2 0

24 10.0 1000 L,2 A 29,500 12,700 11.1 48.9 53.1 1.0

B 20,200 12,000 11.1 46.7 249.9 0.1

C 51,000 12,900 11.7 51,5 - 3,. 0

D 31,nC,• 12,C00 12.1 51.3 53.0 0.3
E 28.000 11,600 11.5 46.0 4P.0 0

(a) Reference Velocity -I0 ft/4ec.
ýJ -a - i n nu t = o n B t.u lj t a i r .

(b) Lhb li 2 0/lb dry air x 100,

(c) Diluted with 2--rt% N2 Ter 1-rarl of -xhauut gas,

(d) Mpcasurecpd a rW ,:Co
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TABLE 12 (Continued)

DATA FuR EFFECT oF FUELS AN). OPERATING VARIABLS UN EMIS1AIOS (&)
S.....

Inlet Inlet Raw Emissions in Diluted Exhaust Gas,

Test Comb. Air Air Samrple Concentration in PPM c,. .

Cond. P'res., TemD., '.Humid., Ca (d)(d, e)

LN o _ atm ul C 2 NO 140 2  XC

25 12. 40O0 0.2 A 31,500 13,100 69.9 20.? 24.C 1.2

"B 31,500 12,'00 39,5 19.0 23.3 1.

C 31,800 13,000 58.6 21.7 24.2 1.i

D 33,000 13,200 4L.2 22.2 25.3 1.1

E 30,000 12,000 31.6 18.8 23.1 1.1

26 12.5 4o0 2.2 A 31,800 12,800 49.8 15.1 17.3 1.1

B 32,100 13,100 55.1 13.2 16.1 0

C 32,000 13,300 53.7 15.1 16.9 0

D 32,100 13,500 55.0 15.7 17.1 0

E 29,800 12,:500 44.6 13.6 16,0C 0

27 12.5 400 4.2 A 30,500 13,200 60.5 11.9 12.2 1.4

B 2Q,800 12,200 62.1 11.2 11.6 1.4

C 30,200 11,500 61.3 10.8 12.5 1.2

D 31,300 12,900 66.6 11.3 12.8 1.2

E 28,200 11,800 52.1 10,8 11.8 1.3

28 12.5 600 0.2 A 33,100 13,900 25.7 39.1 42.5 1.2

B 30,600 13,300 25.2 37.0 41.0 1.1

C 32,400 13,800 26.4 38.1 43.0 1.1

D 32,800 14,100 26.5 42.3 45.1 1.2

E 29,200 12,600 25.1 35.2 39.2 0.1

29 12.5 600 2.2 A 30,900 13,500 43.4 25.3 28.4 0

B 30,300 13,100 34.2 25.4 28.5 0

C 30,900 13,100 46.6 27.1 29.6 1.1

D 32,300 13,800 45.0 2Qo3 31.2 0

1 28,100 12,000 43.5 24.1 26.7 0

30 12.5 600 4.2 A 30,900 13,100 31.0 19.3 20.9 0

B 29,800 12,600 34.2 17.6 19.4 0

c 30,600 13,100 6 .3 18.7 20.9 0

D 32,300 13,800 39.0 20.5 21.3 0

F 28,400 12,000 34.5 16.7 18.8 0

",a) Refermnce Velocity •" ' "-"

Heat Invit )00 Btu/lb air.

(b)~ Lbs 112 0!lb dry air x 100.

(c) Diluted gith 2-Marts N2 Der I-part exhaust gas.

* Measured as NO.

*(P %Teasaired as carb.ýn.

4' 53
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TABLE 12 (Continued)
SDATA FOR EFFE' OF FUELS AND OPERAT1NG VARIABLES oN DIISSIONS )
S~ (Pro~ram 0)

Inlet Inlet Raw Emissions in Diluted Exhaust Gas,
Test Comb, Air Air Samnle Coqncentration in PPM (c)
Cond. Pres., Temp., Humid., C02, (d) (d) (e)
No" ate F 1 (b) Fuel PPM CO• CO N0 _ LO _r M

31 12.5 800 0.2 A 32,200 12,800 14.5 55.6 61.? 0
B 32,200 12,500 13.4 56.1 60.9 0
C 32,800 13,000 15.9 59.5 62.9 1.0
D 32,600 12,800 16.4 59,5 62.2 0.9

E 30,000 11,900 13.9 54.7 58.8 1.0

32 12.5 8oo 2.2 A 32,400 12,600 13.3 41.5 42.2 0
B 31,600 12,300 16.2 37.9 38.5 0
C 32,900 1",500 16,5 39.6 41.4 0
D 32,900 12,900 17.1 40.4 41.3 0
E 31,900 1?, 7` 13.5 36.7 40.1 0

33 12.5 800 4.2 A 33,000 12,600 14.9 29.7 30.0 0
B 31,600 12,300 15.9 27.4 28.5 0
C 32,800 i1,600 19.1 26,0 26.4 o
D 33,300 11,000 17.7 27,1 26.9 0
E 30,900 10.700 14.3 25.7 26.3 0

34 12.5 1000 0,2 A 32,200 13,100 12,2 113.4 123.5 0.1
B 31,600 12,800 8.4 110.3 122.7 0
C 32,200 13,100 9.3 121.8 128.2 0.2
D 32,200 13,100 10.9 124.3 126.0 0.2
E 29,700 12,200 8,1 108,1 114.8 0

35 12.5 1000 2.2 A 31,90 1 2,800 11.2 74.1 71ý.5 0
B 31,500 12,300 13.1 64.4 68.8 0
C 32,700 12,600 12.2 70.6 74.P 0
D 32,800 12,900 11.9 73.1 76.0 0

E 2?,200 11,100 12,9 64.4 70.2 0

36 12.5 1000 4.2 A 32,900 12,800 12.3 54.3 56.9 0
B 31,700 12,300 13.6 49.3 53.9 0
C 33,100 12,900 12.0 56.3 58,3 0
D 33,100 13,200 12.2 58.2 59,4 0
E 30,400 11,800 12.0 LW•.1 52,7 0

(a) Reference Velocity - 140 ft/sec.
"Heat lnnut - 300 Btu/Ib air.

(b) Lbs H2 0/lb dry air x 100.
(c) D.1uted with 2-narts Y2 per 1-rart exhaust gas.
(d) Measured as NO,
(R) Measured as carbon.

I. - 54



IRoxe~e. h and Develoyment ReoDrt 6512-73Appendix 2

TABLE 12 (ContInued)

DATA FUR~ EFFWflT OF FUELS3 AP OPERATING VARIABLES Q1q &nISSIMS (a)
D TAogram O 1)

Inlet Inlet Raw Emissions in Diluted Exhaust.Gas,
Test Comb. Air Air Sanple Concentretion in PPM 2
Cond. Pres., Temp., Humid., C02, (d) (d) (e)
No. atm F -( Fuel PM C CO NO _NO_

37 15.0 400 0,2 A 30,I00 10,500 46.5 22.4 21.4 0
B 3c,100 10,500 41.6 21.7 21.5 0
C 29,100 10.100 39.8 22.2 21.8 0
D 31,000 10,500 51.1 21.7 21.2 0
E 28,300 9,500 32.6 22.0 21.7 0

38 15.0 400 2.2 A 29,800 10,500 62.8 15.8 16.0 0.4
B 29,100 10,200 48.9 15.8 15.9 0
C 29,700 10,200 47.2 16.0 16.1 0
D 30,800 10,500 57.9 16.1 15.9 0
E 28,400 9,900 43.4 15.2 16.0 0

39 15.0 400 4.2 A 31,400 11,000 62.5 12.2 12.5 1.6
B 30,800 10,200 63.5 12.1 11.7 1.5
C 30,400 10,200 68.6 12.0 11.8 1.5
D 31,500 10,500 83.8 11,7 11.4 1.7
3 29,100 10,200 63.7 11.3 12.3 1.5

40 15.0 600 0.2 A 30,300 12,600 33.5 38.7 34.5 0
B 30,900 12,500 34-2 36.5 36.3 0
C 29,200 10,600 32.7 29-7 33.0 0
D 31,000 7,940 28.8 26.9 24.1 0
E 29,000 11,700 30.9 35.5 35.8 0

41•5 I0 600 2,2 A 29,500 11,480 47,3 25.8 24.7 0
B 30,600 12,200 50.0 24.8 25.8 0
0 31,200 12,500 50.9 25.6 25.1 0
D 31,600 13,000 56.3 26.4 26.1 0
R 2q,800 11,100 41.2 24,2 23.8 0

42 15.0 600 0.2 A 30,900 11,800 57.0 17.7 17,4 1.0
B 30,600 11,500 53.7 16.1 15,7 0
C 31,600 11,800 ý8.5 16.6 16.0 0
D 32,300 11,800 61.0 17.2 16.4 0
e 29,200 10,800 50.0 16.0 15,8 1.0

(a) Reference VW1ocity - 140 ft/sec.
Heat Innut w 300 Btu/lb air.

(h) L Hef2O/lb ciry air x 100.
( Diluted with 2-narts N2 per I-part exhaust gas.

(d) Measured as NO.
(e) Measured as carbon.
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TABLE 12 (Continued)

DATA FO• EFFECT OF FiLLS AND OPEIATING VARIABLES ON EMISSIONS (a)
(Program 1)

Inlet Inlet Raw Emissions in Diluted Exhaust Gas,
Test Comb. Air Air Samnle Concentration in PPM ic)
Cond. Prlrs., Temp,, Humid., C02 , (d) (d) (e)
YO. atm F Fuel PPM - CO NO NO

43 15.0 800 0.2 A 31,000 13,000 36.4 61.3 63.0 0
B 31,200 13,340 30,7 65.1 68.8 0
C 31,300 13,100 34.7 62.7 65.8 0
D 33,400 13,900 36.7 68.6 72.1 0
E 29,300 12,300 33.4 58.8 65.5 0

44 15.0 800 2.2 A 30,700 14,360 21.1 53.4 50.1 0
B 29,400 12,400 21.5 45.3 46.9 0
C 30,700 13,420 22.4 50.0 50.1 0
,D 33,400 14,100 21.5 51.6 52.2 0
E 29,000 12,400 21.5 42.6 43.4 0

45 19.0 800 4.2 A 31,300 12,700 26.8 33.2 33.4 0
B 30,000 12,500 32.6 31.0 32.7 0
C 31,600 12,700 30.2 33.6 34.6 0
D 32,400 13,500 31.1 35.2 36.0 0
E 29,300 11,600 32.7 28,8 30.4 0

46 15.0 1000 0.2 A 33,700 14,400 9.3 124.8 127.8 0
B 33,200 13,400 9.0 109.8 117.7 0
C 34,600 14,300 9.1 124.2 131.6 1.1
D 33,300 12,900 9.3 118.4 126.3 0.2
E 30,100 11,900 9.5 110.4 118.9 0

47 15.0 1000 2.2 A 31,100 12,240 13.2 80.1 86. . 0 0
B 31,200 12,200 15.4 73.0 79-5 0
C 32,500 12,833 14.7 81.3 86.4 0
D 33,300 12,560 16.1 83.8 85.2 0
E 30,600 11,600 14.7 73.1 78.1 0

48 15.0 1000 4.2 A 33,000 12,500 10.4 58.9 61.5 0.2
B 31,800 11,960 11.4 53.9 57.9 1.0
C 33,400 12,560 11.5 58.1 60.4 1.0
D 33,000 12,200 11.4 58.3 58.1 0.5
E 30,000 11,400 10.7 53.8 56.2 0.6

(a) Rel'erence Velocity w 140 ft/sec.
Heat Irvut - 300 Btu/lb air.

* (b) Lbs H20/lb dry air a 100.
(c Diluted with 2-iarts N2 per 1- Irt exhaust pas,
(d) measured as NO,
(e) Measured as carbon.
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TABLE i~

DATA FOR EFFVC OF FUELS AY1D OPEWATING VARIABLES (t EjISSI(*jS (a)
(Pre'vainor ized ruels)

Inlet Heat Inlet Emissions in Diluted Exhaust Gas,
Test Comb. Air Input, Air Concentrktion in M (C)
Cond. Pres., Temp., Btu/ Humid., (di) (di) (e)
No,. atm. F lb !4U 19 L.. a"e g2a _22 _11_ _Xx_

49 10.0 600 150 0,2 A 7,280 16.8 215.0 27.1 0
B 7,050 17.2 24.3 26.0 0
C 7,280 17.2 25.5 27.- 0
D 7,3oo 16.8 26.1 27.8 0
9 7,280 16.8 24.0 Z6.0 0

53 10.0 600 150 2.2 A 7,120 27.6 17.3 17.8 1.3
B 6,664 31.? 16.9 17.0 2.1
C 7,035 28.9 17.3 18.2 1.1
D 7,232 29.2 17.9 18.7 1.0
X 6,957 29.8 15.9 17.2 1.8

5? 10.0 600 150 4.2 A 7,099 45.6 11.4 12.1 0
B 6.874 48.3 11.6 11.7 1.3
C 7,029 49.5 i1.ls 12.0 0
D 7,054 51.5 11.9 12.2 0.5
z 6,858 49,0 10.6 11.3 1.1

50 10.0 800 150 0.2 A 7,065 17.6 41.3 44,3 0
B 6,948 17.2 42.2 44.4 0
C 7,090 17.1 42.6 45.7 0
D 7,053 16.3 44•4 47.2 0
- 7,025 17.1 41.2 43.9 0

54 1010 800 150 2.2 A 6,285 19.0 22.0 23,3 0
B 6,063 17.6 21.7 23.3 0
C 6,250 17.5 22.9 24.2 0
D 6,189 17.2 23.5 25.5 0
E 6,210 18.0 20.9 22.6 0

58 10.0 800 150 4.2 A 6,139 30.8 15,4 16.0 0
B 5,986 35,7 15.0 16.5 0
C 6,307 32.8 15.9 17.0 0
D) 6,311 34.0 15.6 16.9 0
Z 6,246 34.0 14.8 15.7 0

(a.) Rieference Velocity -140 ft/sec.
(b) Lbe H2 0/lb dry air x 100.

()Diluted ivith 2 -Tarts N2 per 1-piart of exhaust gas.
d Measured as NO.
e Measured as carbon.

] 5
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TAI 11 (Contirued)

flDATA FOR EFFECT OF FLUES AED OPERATING VARIAIBL;S ON EMISSIONS e.
Trvaporized Fuels)

Inlet Heat Inlet Emissions in Diluted Exhaust Gas,
Test Comb. Air Input, Air Concentrati•n in PP" (ei
Cond. Pres., Temp., Btu/ Humid., (4) (d) (e

A. atm F _ lub ;kj CO() a C0 L

51 12.5 6oo IC0 0.2 A 6,670 10.9 24.9 26.0 0
B 6,315 11.4 25.3 26.4 0
C 6,642 10.7 26.2 28.0 0D 6,521 11.6 25.6 26.5 0
I 6,200 12.9 21.2 22.6 0

55 12.5 600 150 2.2 A 6,200 27.8 14.2 15,5 1.2
B 6,010 28.8 14.0 14.6 0.6
C 6,408 32.0 15.3 14.7 1.0
D 6,236 25.8 16.0 16.5 0
g 5,988 32.1 12.9 13.9 0

59 12.5 600 150 4.2 A 6,039 42.0 10.9 11.4 0
B 5,753 49.1 10.1 10.1 0.4
a 5,957 6o.a 9.0 11.3 2.0
D D 6,094 43.6 11.5 11.8 0
E 5,825 67.8 8.3 9.0 4.1

52 12.5 800 150 0.2 A 7,010 16.3 45.9 47.1 0
B 6,86o 15.8 44.0 45.5 0
C 6,776 15.5 4?7.4 47.3 0
""D 7,169 15.5 47.8 49.3 0
9 6,845 15.3 43.3 45.8 0

56 12.5 800 150 2.2 A 6,467 19.3 24.9 26.5 0
b 6,3438 18.9 24.2 25.1 0
C 6,517 18.8 25.0 26.7 0
D 6,561 18.0 25.4 27.5 0
9 6,457 18.5 24.0 25.5 0

60 12.5 800 150 4.2 A 6,477 30.2 17.2 18.6 0
B 6,214 31.0 15.5 16.7 0
C 6,359 30.1 17.5 17.6 0
3D 6,353 28.8 18.0 19.3 0
9 6,286 31.0 15.9 17.2 0

Reference Velocity - 140 ft/sec.
bj Lbs H2 0/lb dry air x 100.
c Diluted with 2-parts N2 per I-part of exhaust gas.
id ( M)easured as NO.-
(9) Measured as carbon.
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TAMA 12 (Continud)

DATA FOR EMUET OF FUELS AND OPERATING VARIAWLES LN EEISSIWNS (a

(Prevaporised Fuels)

Inlet Heat Inlet Emissions in Diluted Exhaust Gas,
Test Comb. Air Input, Air Jcntai ; PP c
Cond. Pres., Temp.,, Btu/ Humid.,(d () e

~- atma F _ lb1 air W _ e U

61 11.25 700 225 2.2 A 9,169 27.5 22,5 23.2 0
B 9,004 30.0 21.4 22.4 0
C 9,014 36.7 20.3 21,6 0
D 9,584 27.8 24.9 25.1 0
E 9,069 30.0 22.6 23.6 0

66 7.5 700 225 2.2 A 9,344 24.1 18.7 20.6 0
B 9,050 22.9 18.2 19.6 0
C 9,374 26.5 19.6 20.6 0
D 9,416 25.1 19.5 21.1 0
I 9,190 26.5 19.2 20.7 0

67 15.0 700 225 2.2 A 8,816 44 0 27.0 33.8 0
B 8,643 42.9 25.8 25.4 0
C 8,800 37.9 25.8 26.0 0
D 8,659 37.9 27.0 26.6 0
E 8,709 39.1 24.4 24.3 0

68 11.25 400 225 2.2 A 8,967 50.4 12.7 13.4 0
B 8,585 47.9 12.0 12.5 0
C 8,395 73.0 11.9 11.8 4.7
D 8,566 49.0 13.6 13.3 0
F 8,739 6n.6 12.0 13.3 1.3

69 11.25 1000 225 2.2 A 8,650 24,4 44.7 46.2 0
B 8,511 27.6 43.1 44.7 0
C 8,967 27.7 44.9 48.7 0
D 9,023 24.9 47.5 47.3 0
E 8,807 25.0 43.6 45.0 0

64 11.25 ?00 225 C.2 A 9,446 16.9 34.1 36.1 0
B 8,640 15.8 30.5 32., 0
C 9,272 15.8 34.4 38.1 0
D 9,342 16.3 35.6 37.1 0
9 9,178 16.7 34.3 36.1 0

(a) Reference Velocity - 140 ft/sec.
(b~ Lbs H-20/lb dry air x 100.,t xautgs
"kc Diluted with 2-parts N2 par 1-part of ex-hAust gae
(d Masured as NO,
(e Measured as carbon.
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TALLE 3 (Continued)

DATA FOR EFFECT uF FUELS AND OPEB•ATING VARIABLZS MN EHISSIQNS (a)
(Keviaporized Fuels)

Inlet jiftat Inlet Emissions in Diluted Exhaust Gas,
Test Comb. Air input, Air Concentration in PPM(c)
Cond. Pres., Tesp,, Btu/ Humid., (d) (
NNQ. -t -F lb air Fuel C02 C.0 NO NOOI

65 11.25 700 225 4.2 A 9,041 65.3 16.4 16.4 0
B 8,841 65.5 15.4 16.6 0
C 9,164 83.6 13.7 15.7 1.3
D 8,593 68.7 14.2 15.2 0
E 8,910 65.8 15.7 16.6 0

63 11.25 700 100 2.2 A 4,788. 45.4 22.5 23.6 0
B 4,725 30.8 22.4 23.3 0
a 4,849 30.5 Z2.3 23.1 0
D 4,776 30.0 22.2 22.9 0
E 4,796 33.2 21.8 22.2 0

62 11.25 700 350 2.2 A 14,339 44.7 42.8 42.5 0
B 14,353 44.0 40.8 44.1 0
a 1P,200 52.7 39.? 4o0.00
D 15,026 55.5 43.1 43.8 0
E 14,186 48.5 40.2 43.2 0

.I& Reference Velocity - 140 ft/sec.
SoH2 0/lb dry a ir x 100.

di Diluted with 2-parts N2 per 1-part of exhaust gas.
-- ) Measured as NO.
(e) Measured as carbon.

60 nr1
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DATA FIB EFFICT OF FUELS AND 0P3RATfING VARIAiBL3 ON4 3MSSI(MIS (aS~~~~~~(Pr-essure Atomised Fuel)...........

Inlet Heat Inlet gaiesions in Diluted Exhaust Gas,
Test Comb, Air Input, Air Concentratio in PPI fc)
Cond. Free., Temp.,# Btu/ Humid., (d) (d) (e)
No,) at F lb air f* b US C CO

49 10.0 600 150 0.2 A 5,867 7-5 18.3 19.0 0
B 5,9930 7.5 17.0 17.9 0C 5t947 7.5 18.1 19.1 0
D 5,918 7.0 19.0 20.2 0
3 5,841 7.5 17.0 18.1 0

53 10.0 600 150 2.2 A 5,678 13.4 11.1 11.5 0
B 5,503 13.5 10.4 11.0 0
C 5,711 13.0 11.6 12.1 0
D 5,80J 13.0 12.0 12.7 0
E 5,60o 13.5 10.8 11.3 0

57 10.0 6oo 150 4.2 A 6,950 25.9 9.5 10.0 0
B 6,500 26.0 8.4 8.8 o
a 6,533 27.9 8.5 9.0 0
D 6,550 27.9 8.9 9.4 0
1 6,500 27.2 7.9 8.7 0

50 10.0 800 150 0.2 A 6,730 6.8 38.8 40.0 0
B 6,120 8.0 34.0 35.7 0
0 6,37c 7.7 35.6 36.9 o
D 6,135 7.6 r7.5 38.6 0
E 6,184 8.2 33.8 35.2 0

54 10.0 800 150 2.2 A 6,209 11.0 24.9 26.2 0
B 6,126 12.6 23.1 23.9 0
C 6,294 13.0 23.8 25.2 0
D 6,120 11.8 25.0 26.3 0
IC 6,292 12.2 23.1 24.0 0

58 0o.0 800 150 4.2 A 6,230 22.7 15.6 16.5 0
B 6,131 25.8 14.3 14.9 0
C 6,286 27.3 15.2 16.1 0
D 6,286 27.3 15.2 16.1 0
& 6,277 27.0 14.8 16.8 0

(a Reference Velocity m 140 ft./sec.
(b Lbs H2 0/lb dry air x 100.
(C? Diluted with 2-parte N2 Der 1-1*rt of exhaust gas.
kd) Measured as NO.
(e) Measured as carbon.
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~a a.4 (continued)
i •~ss• A•,e •ul)DATA FC EM OF FUEVS AND OPERTING LARIABLM ON Emassim• (a)

Inlet Heat Inlet Emissions In Diluted Exhaust Cas,
Test Comb. Air Input, Air Concentragtin in PPM (c)
Cond. Pres., Temp., Btu/ Humid., (d) (d) (e)
No. tta F lb 2l_ %"el 9 S_22O__ NQ.._ 2L6 ...

51 12.5 6oo 150 0.2 A 6,900 11.2 22.4 23.6 0
B 6,713 10.8 21.2 22.7 0
o 6,950 10.8 22S. 23.5 0
D 6,930 10.8 23.1 24.4 0
S 6,850 11.6 20.9 22.6 0

55 12.5 600 150 2.2 A 5,754 13.8 12.0 12.2 0
B 5,959 14.4 11.7 11.9 0
o 6,120 14.0 12.4 12.7 0
D 6,200 14.0 13.0 12.7 0
B 6,105 14.2 11.9 12.1 0

59 12.5 600 150 4.2 A 6,000 20.7 9.5 9.1 0
B 5,750 21.7 8.2 8.4 0
C 6,080 22.2 8.5 8.8 0
D 6,050 2105 9.1 9.3 0
B 5,940 21.7 8.2 8.5 0

52 12.5 800 150 0.2 A 6,983 8.1 42.4 42.9 0
B 6.769 8.6 39.4 40.4 0
C 6,824 9.0 41.3 43.2 0
D 7,056 8.6 42.2 43,8 0
B 6.707 8.8 38.6 40.7 0

56 12.5 800 150 2.2 A 5,555 13.7 23.1 23.6 0
B 5,700 13.8 21.0 21.7 0
C 5,900 12.5 22.9 23.1 0
D 5,890 11.9 23.4 23.9 0

, E 5,592 13.8 20.8 20.8 0

60 12.5 800 150 4.2 A 5,700 22.5 14.4 14.8 0
B 5,500 25.7 13.8 14.1 0
C 5,600 24.5 14.9 14.7 0
D 5,550 25.7 15.3 15.6 0
K 6,o50 30.1 17.5 17.8 0

(a) Reference Velocity - 140 ft/sec.L Lbs H20/lb dry air x 100.
.Dluted wIth 2&3.rts N2 per 1-prt of exhaust scat.

SMeasured as NO.
(e Measured as carbon.

j. .2
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-AMI 14 (Oowtinmed)

DATA F(M EFPWT OF FUElS AND OPERATING VARIALE (V MsSIosa a(Pressure Atonized Fuel)

SInlet Heat Inlet Emissions in Diluted Exhaust Ga",
Test Comb, Air Inr~ut, Aix ..... CpgonDentiga~ ýz PF l(C )

61 11.25 700 225 2.2 A 8,771 19.7 18,B 20. 2 o
B 8,000 18.9 17.7 19.3 0
I 8.666 19.9 19.7 20.9 0
D 8,430 20.2 19.6 21.2 o
I SOft 20.8 18.3 19.6 0

66 7.5 700 225 2.2 A 8,600 17.8 16.2 18.0 0
B 8,380 17.9 15.8 16.5 0
C 8,489 17.2 15.9 18,o 0
)D 9.090 17.3 17.4 19.7 0

E 8,357 17.9 15,1 179.0 0

67 15.0 700 225 2,2 A 9,803 19.9 24.3 24.2 0
B 9,364 22.1 21.7 22.2 0
C 9,647 20.9 23.5 24.1 0
)D 9,903 21.4 24.3 24.8 0
it 9,516 20.5 23.4 23.2 0 3

68 11.25 400 2-25 2.2 & 9,727 38.0 10.2 11,9 0
B3 9,470 36.2 9.8 10.4 0
C 9,930 41.5 11.5 11.8 0
D 9,168 46.4 11.2 12.0 0E 9,567 36.5 10.3 11.9o

69 11.25 1000 225 2.2 A 9,260 15.9 4a.3 4.4 0 i
B 9,24 15.2 39.4•4 1.3 0Sc 9,223 17.8 42.5 44.4 o

D 9,366 16.3 42.8 36.3 0& 9,189 16.4 40.4 42.6 0
S64 11.2r) ?o0 225 0,2 A 9,390 16.4 32.6 34,? 0

--- • B 9,4,20 15.2 31.7 34•.3 9,2 52 3. 700
D 10,000 16,3 34.8 36.5 oI
E 9,670 16.3 33.5 36.1 0

(a) Reference Velocity - 140 ft/sec.
(b, Lbe 112 11b dry air x 100.
(c Diluted with 2-tarts NZ per 1-part of exhaust gas.
(d) •easured as NO,0
(9) Measured as carbon.
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TABNLS (Continued)

DATA FMR ZPFT OF FUEL.S AND OUflATINO VARIABLES CR EMISSIONS a4L(Pressure Atomize Fuel)

Inlet Heat Inlet Emissions in Diluted Exhaust Gas,
Test Comb. Air Inpnut, Air acttj imM )
Cond. free., Tem,., Btu/ Humid., (d) (d) (e)
No,- at% F lb air j j a 20, CO0 J2.. J126. A-

65 11.25 700 225 4,2 A 9,134 4.9 15.3 15.9 0
B 8,840 36.0 14.3 15.4 0
0 9,149 39.0 !4.8 15.9 0
D 9,309 39.5 15.6 16.3 0
E 8,927 38.1 14.2 15.1 0

63 11.25 700 100 2.2 A 4,830 17.6 15.4 15.9 0
B 4,800 17.0 15.0 15.9 0
C 5,066 16.1 16.9 17.5 0
D 4,789 16.3 15.2 15.9 0E 4,990 16.4 , 17.0 17.1 0

62 11.25 700 350 2.2 A 12,505 30.2 25.5 27.6 0
B 14,200 39.3 28.7 30.6 0
C 14,719 41.0 30.3 31.7 0
D 14,30o 38.6 30.3 31.3 0
E 11,900 27.5 24.0 26.3 0

(a) Reference Velocity 140 ft/sec.

ýb' Lbs H9o/lb dry air x 1OO.
c Diluted with 2-rarts 1N2 -ner 1-rart of exhaust gas.

(d) Measured as NO.
(e) Measured as carbon.

-64
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4AOIAE EM3' WT VARIATI(24S I b ANO7WNGCOflbITICNS a

SEmission Index,
Test Fass of Emissions, lhshrIba/iGOO-lhs fuel

Cond_ Test__The Test (b) ()0(b)L(b
No~ CorLds. _ NO CO0 MC- -N NO 00 HC
I PO To H0  A 0.278 0.233 0.619 0 5,38 4.52 12.0 0

B 0.275 0.214 0.580 0,0006 5.39 4.19 11.4 0.O1
0 0.275 4.216 0.580 o.0060 5,31, 4.20 11.3 0,12
D 0.277 0.245 0.639 0.0044 5.29 4.69 12.2 0.08
1 0.272 0.203 0.485 0 5.64 4.22 10.1 0

2 Po T0 H1  A 0.188 0.147 0.603 o.-043 3.75 2.94 12.1 0.01
B 0.172 0.121 0.547 0.0039 3.48 2.45 11.1 0.01
a 0.191 0.143 o.6o7 o.0040 3.84 2.88 12.2 o.08
D 0.190 0.179 0.694 0 3.75 3.53 13.7 0
E 0.188 m.136 0.535 0.0042 4.04 2,91 11.5 0.09

3 P0 To H2  A o.157 o.112 0.580 o.0056 3.24 2.31 12.0 o.12
B 0.141 0,101 0.6oQ2 0.0083 2.94 2.10 14.4 o.17
C 0.150 0.114 0.58? 0.00914 3.11 23,7 12,2 0.11

D 0m146 0.142 0.671 0.0055 2.96 2.89 13.? 0.11
1 0.138 0.129 0.503 0.0063 3.04 2.84 11.1 o.14

4 P T1 H0  A 0.383 0.309 0.272 0 9.14 7.38 6.49 0
B 0.353 0.282 0.329 0 8.53 6.81 7.95 0
C o.364 0.284 0.338 0 8.70 6.8o 8.08 0
D 0.377 0.325 0.326 o-0010 8.95 ".72 7.73 0.02
"E (,i355 0.281 0.275 0 9.06 7.16 ?,00 0

5 P Th HI A 0.235 0.194 0.2Q6 0 5.79 4.79 7.28 0
B 0.246 0.195 0.274 o 6.14 4.85 6.84 0

SC 0.258 0.208 0.289 0,0034 6.38 5.16 7.16 0.08
D 0.254 0.142 1,024 o.0337 6.17 3,46 24.9 0.82
E 0.240 0.197 0.236 0.0034 6.34 5.20 6.23 0.09

6 P0 T1 H2  A 0.179 0.148 0.329 o.0037 4.55 3.76 8.37 0.10
B 0.176 0.136 0.252 0.0042 4.52 3.50 6.49 0.11
0 0.175 0.140 0.287 0 4.46 3.58 7.33 0
D 0.177 0.149 1,795 0.1374 4.45 3.73 45J1 3.45
E ^3.173 0.132 0.223 0.0034 4.?0 3.59 6.06 ooo,

(a) Reference Velocity - 140 ft/sec.
Heat Input - 300 Btu/lb air.
Combustor ?Oressure, PO - 7ý5 atm.
Inlet Air Temperature, T0 - 400 F, Tj - 600 F.
Inlet Air Humidity, HO - 0.2, H1 2.2, H2 - 4.2 lbs H20/lb dry air x 100.

b Calculated as NO2
U Calculated as Carbon.

'M
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TABL X (Continued)

CALCULATPlI SrMISS101ot WITH VAPIATIONS IN FUEILS ANF OPiý.AINJG OONI)ITIUI$ (a)

Emission Index,
Test Mass or Emissions. lb/I0- fuel
Cord. Test 'les4,t (b) -(b) (o) (b b()
Nlo,_ Condt__ Fuel _N0.QN _JY CO HO NO_ 0oo 2 Hc

7 P0 T9 H0  A 0.-473 0.n37 0M145 0 13.4 12.4 4.13 0
B 0.472 0,432 0.142 0 13.6 12.4 4.08 0
0 0.487 0.4-7 0.142 0 13.9 12.7 4.04 0
D 0.492 0.457 0.145 0 13.8 12.8 4.06 )
E 0.462 0.49 0.134 0 14.0 13.0 4.08 0

a PC T: Hi A 0.370 0.336 0.143 o 10.8 9.84 4.20 0
b 0.339 0.309 0.140 0 10.0 9-14 L.13 0
C 0,>0• 0.317 0.101 0 10.3 .31 4,15 0

D 0.357 0.334 0.152 0 10.3 9.60 4.39 0
E 0.335 0.308 0,151 0 10.5 9.66 4.74 0

5 PO T2 H2  A 0.234 0.232 0.123 0-0005 7.05 7.01 3,71 0.02
B 0.231 0.224 0.120 0 7.08 6,84 3,68 0
C 0.257 0.242 0.132 0 7.78 7.34 3.99 0
D 0.239 0,230 0.126 0 74i4 6.S6 3.76 0
B 0.230 0.214 0.116 0 7.43 6,93 3.76 0

10 P 0 T H A 0.724 0.706 0.092 0 23.8 23.2 3.01 0
B n,756 0.712 0.060 0 25.2 23.7 2.-l 0
C 3.7q5 0.758 0.048 0' 296.2 25.0 1.57 0
D 0.311 0.780 0.046 0 26.3 25.3 1.50 0

S E 0.794 0.703 O.047 0 26.6 2zb8 1.67 0

11 Tc 3 Hi A 0.525 0.504 0,073 0 17.8 17.1 2.49 0
B o.511 0.498 0.082 0 17.6 17.1 2.80 0
o 0.26 0.511 0.070 0 17.9 17.4 2.37 0
D m,61 o.544 o.oo6 o 18,8 1.8.2 3.21 0
E 0.524 0.506 0.095 0 19.0 1844 3.47 0

12 P0 T3 H2 A 0.329 0.308 0,084 0 11.5 10.8 2.96 0
B 0.309 0.295 0.097 0 11,0 10,5 3.42 0
U 0.317 0.310 0.094 0 11.2 10.9 3,32 0
D 0.326 0.314 o.096 0 11.3 10.9 3.31 0
E 0.318 0.303 0.098 0 II.: 11.4 3.65 0

(a) Reference Velocity - 140 ft/sec.
Heat Innut - 300 Btu/lib alr.

aCombustor Y're03ure, P 0 - 7.5 atm.
-Ilet Air Temnerature, T2 - 800 F, T - 1000 F,
Inlet A i. ,2 ibr h20/b dry air x 100.

S(b) Calculated a- 1402.
(c) Calculated as Carbon.
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TABLE? 1 (Continued)

CAL'ý:dlATiZID 3FrSIONS WITH VARIATIONS IN FUELS A1•i OPERATING GONDIUTNS (a)
.(Prorrair 1)

Emission Index,
Test Mass of Emissions, Ibs/hr 1/410O0-1be fuel
(ond. Test Test (b) (b) (c) (b) (b) (c)
So. Conds. Fuel NO_ NO CO HC I0O_ NO cc HC

13 P, To HO A 0.453 0.377 0.410 0.0061 6.58 5.48 5.96 0.09
B 0.399 0,311 0.404 0 5.86 L,57 5.93 0
C 0.409 0.316 0.438 0 ;.96 4.60 6.38 0
D n.412 0.352 0.497 0.0015 q.Q0 5.04 7?i2 0.02
E 0.4o04 0.321 0.352 0 6.28 4.99 5.46 0

14 Pi TO HI A 0.2•3 0.223 0.579 0.0062 3.80 3.35 .71T 0.09
B 0.268 0.215 0.600 0.0072 4.06 3.27 P.11 0.11
C 0.248 0.208 0.622 0.0063 3.74 3.14 9.39 0.10
D 0.277 0.244 0.643 0.0061 4.11 3.61 9.54 0.09
E 0.255 0.200 0. L8 0.0067 4.09 3.22 8.82 0.11

15 Pi TO 12 A 0.184 0.187 0.603 0.0086 2.84 2,89 9.30 0.13
B 0.183 0.168 0.,306 0.0177 2.8; 2.62 12.6 0.28
C 0.191 0.169 0.723 0.0088 2.96 2.62 11,2 0,14
D 0.197 0.176 0.792 0.009S 3.01 2.68 12.1 0.15
,E 0.176 0.173 0.555 0.0069 2.91 2.85 9.16 0.11

16 P1 T1 H0  A 0.470 0.4-8 0.330 0.0044 8.42 3.03 5.92 0.08
B 0.450 0.378 0.303 0.0043 8.14 6.85 5.50 0.08
C 0.492 0.446 0,281 0.0042 8.84 8.00 5.05 0.08
D 0.476 0.476 0.355 0.0042 8.41 8.41 6.28 0.07
E 0.454 0.409 0.225 O.0042 8.71 7?,2 L,31 0,08

1? PI T1 H1  A 0,331 0.299 0,313 0.0046 6.12 5.52 5.78 0.08

B 0.308 0.292 0.256 0.0040 5.75 5.46 4.79 0.07
C 0.321 0.290 0.305 O0O,40 5.96 5.39 5.66 0.08
D 0.327 0.324 0.316 0.00o4i 4.11 5.92 5.76 0.08
E 0.311 0.269 0.250 O.o!041 4.09 5.32 4,95 0.08

18 Pi T1 H2  A 0.225 0,204 0,266 0.0043 4.29 3.89 5.06 0,08
B 0.215 0.182 o.269 0.004i 4,15 3.50 5.18 0.08
C 0.227 0.220 0.272 0O0042 4.34 4.22 5.21 0,08
D 0.236 0.234 0.299 0.0043 4.43 4.41 5.61 0.08
E 0.214 0,203 0.225 0.00O4 4.36 4.1 4.59 0.09

(a) Refe-ence Velocity - 140 ft/sec.
Heat Input - 300 Btu/lb air.
Combustor Pressure, Pi w 10.0 atm.
Inlet Air Temperature, To m 400 F, T, - 600 F.
Inlet Air Humidity, H0 - 0.2, H, - 2.2, H2 - 4.2 lbs H20/lb dry air x 100.

(b) Calculated as NO2.
(c) Calculated as Carbon.
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1=T lE (Continued)

CALCULATED EMI03IONS WITH VARIATINS IN FUELS AND OPERATING CONDITIONS (a)

SEmission Index,
Test Mass of Emissions. lba/hr lbs/10O0-lbs fuel
Cond. Test Test (b) (b) (b) (c)

0 % Conds. Eui. NO NO co NOO NO 00 HC

19 PI T2 HO A 0.638 0.647 0,114 0.0008 13.6 13.8 2.42 0.02
B 0.720 0.685 0.120 0 15.5 14.7 2.59 0
C 0.666 o.e47 0.142 0 14.2 13.8 3.02 3
D 0.683 0.676 0,125 0 14.3 14.2 2.63 0
E 0.645 0.612 0.128 0 14.7 13.9 2.92 0

20 PI T2 Hi A 0.464 0.439 0.146 0 10.2 9,64 3.20 0
B 0.466 0.451 0.153 0 10.4 10.0 3.39 0
0 0.477 0.474 0.147 0 10.5 10.4 ,24 0
D 0.499 0.494 0.153 0 10.8 10.7 3,32 0
E 0.458 0.436 0.127 0 10.8 10.2 ?.98 0

21 P1 T2 H2  A 0.320 0.3n5 0.122 0 7.26 6.91 2.76 0
B 0,298 0,296 0.118 0 7.22 7.16 2.85 0
0 0.330 0.319 0.133 0 7.5t 7.25 3.03 0
D 0.308 0.314 0.130 0 6.90 7.03 2.91 0
E 0.313 0.311 o.116 o 7.59 7.53 2.81 0

22 P1 T3 HO A 1.053 0.985 0.101 0.0036 25.9 24.3 2.49 0.09
B 1.014 0.949 0.088 0.0036 25.3 23.? 2.18 0.09
C 1.o50 0.997 0.086 0.0033 26.0 24.7 2.13 0,08
D 1.007 0.959 0.067 0.0029 24.5 23.3 1.64 0.07
E 1.004 0.931 0.080 0.0034 26.5 24.6 2.12 0.09

23 P1 T3 H1  A 0.727 0.689 0.04 0.0032 18.5 17.5 2.13 0.08
B 0.711 0.678 0.075 0 18.3 17.5 1,93 0
a 0,769 0.730 0.078 0.0022 1i.6 18,6 2.00 0.06
D 0.782 0.758 0.081 0 19.7 19.0 2.02 0
E 0.696 0.664 0.076 0 19.0 18.1 2.08 0

24 P1 T 3 H2  A 0.523 0.482 0.067 0.0030 13.7 12.6 1.75 0.08
B 0.509 0.476 0.069 0.001o 13.5 12.7 1.83 0.03
C 0.516 0.498 0.069 0 13.6 13,1 1.81 0
D 0.523 0.506 0.073 0.0009 13.6 13.1 1.88 0.02
E 0.486 0.456 0.020 0 13.7 12.8 1.95 0

(a) Reference Velocity - 1i0 ft/6ec.
Heat Input - 300 Btu/lb air.
Combustor Pressure, P1 - 10.0 atm.
Inlet Air Temperature, T2 - 800 F, T 1000 F
Inlet Air Humidity, H0  0.2, H1  2.2, H2 - 4.2 lbs H20/lb dry air x 100.

(b) Calculated as NO2,
(c) Calculated as Carbon.

56



Reseaxoh &d Develoernt Report 6512-n3
Appendix

TABLE- 15 (Continued)

CALCULATED EMISSIONS WITh VARIATIONS D! FUEL' AND uPERATING am)ITIx1S (a)
ý(Program 1)

Emission Index,
Test 4asas s Emissions, l/eihr ib6/1000-lbs fuel
Cond. Test Test (b) (b) (c) (b) (b)

25 P2 To HO A 0.516 0.L45 0.915 0.0078 5.99 5,16 10.6 0.09
B 0.511 0.417 0.528 0.0074 6.00 4.89 6.19 0.09
C 0.523 0.469 0.•71 0.007z 6.08 5.46 8.97 0.08
D 0.551 0.483 0.533 0.0072 6.31 5.54 6.10 0.08
E 0.501 0.408 0.417 0.0074 6.21 5.06 5.18 0.09

26 P2 T0 H, A 0.369 0.322 0.646 0.n070 4.42 3.86 7.75 0.08
B 0.328 0.269 0.684 0 3.98 3.27 ..30 0
C 0.345 0.30R 0.668 0 4.16 3.70 8.03 0
D 0.352 0.323 0.688 0 4.1? 3.82 8.16 0
E 0.322 0.273 0.546 0 4.13 3.51 7.00 0

27 P2 To i42 A 0.245 0.239 0.739 o.0086 3.02 2.95 P.12 0.11
B 0.247 0.238 0.804 0.0091 3.08 2.97 10.0 0.11
C 0.287 0.248 0.856 0.008o 4 3.55 3.07 lo.6 0.i0
D 0.267 0.236 0.847 0.0076 3.26 z.88 10.3 0.09
E 0.244 0.223 0.656 0.0083 3.22 2.95 8.66 0.11

28 P2 TI H0  A 0.702 0.646 0.258 0.0060 10.0 9.23 3.69 0.09

1-B 0.693 0.626 0.259 0.0057 i0.0 9.04 3.75 0.08

C 0.713 0.631 0.266 o.o056 10.2 9.05 3.81 0.08
D 0.747 0.701 0.267 0.0060 10.5 9.89 3.77 0.08
E 0.657 0.590 0m256 0.0007 i0.0 9.02 3.92 0.01

29 P 2 T1 HI A 0.467 o.4t6 0.434 0 6.89 6.14 6.41 0
B 0.473 0.421 0.345 0 7.06 6.30 5.16 0
C 0.499 0.h57 0.478 0.0056 7.39 6.77 7.08 0.08
D .510 0.479 0.448 0 7.44 6.99 6.53 0
E 0.454 0.409 o.451 0 7.18 6.47 7.12 0

30 "2 T, H2  A 0.336 0.310 0.302 0 5.23 4.83 4.72 0
B 0.317 0.288 0.341 0 5.00 4.54 5.37 0
C 0.3314 0.299 0.353 0 5.22 4.67 5.52 0
D 0.330 0.318 0.368 0 5.08 4,89 5.66 0
E 0.303 0.270 0.339 0 5.06 4.49 5.65 0

(a) Rnference Velocity m 140 ft/sec.
Heat Input - 300 Btu/lb air.
Combustor Pressure, P2 - 12.5 atm.
Inlet Air Temperature, To - 400 F, T1 - 600 F.
Inlet Air Humidity, H0 - 0,2, Hi - 2.2, H2 4.2 lbs H2 0/lb dry air x 100.

W Calculated as Nr2.
(cj Calculated as Carbon.
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i ~ ~TABIX 1 (Continued)A]ni

CALCULATF-D EVISSIOIN WITH VARIATIONS IN' FUSL3 AND OPERATING CUNDITIUNS (•j
'(Program 1)

Emission Index,
Test Mass of Emissions. lbs/hr lbsZ1000-lbs fuel
Cond. Test Test (b) (b) (c) "(b) (b)
1 Conds, Fuel NOX_ _OO CO HO N N c O HO

31 P2 T2 H0 A 0.934 0.841 0.134 0 15.8 14.3 2.26 0
B 0.925 0.852 0.124 0 15.8 14.6 2.12 0
C 0.933 0.882 0.144 0.0045 15.9 15.0 2.44 0.08
D 0.958 0.917 0,154 0.0040 16.0 15.3 2.57 0.07
E 0.882 0.820 0.127 o.0046 16.0 14.9 2.30 0.08

32 P2 T2 HI A 0.626 0.615 0.120 0 11.0 10.8 2.10 0
B 0.573 0.564 0.1147 0 10.2 10.0 2.61 0
C 0.597 0.571 0.145 0 10.9 10.4 2.63 0
D 0,609 0.596 0.1.54 0 10.6 10,3 2.66 o
E 0.561 0.513 0.115 0 10.5 9.65 2.16 0

33 P2 T2 H2  A 0.432 0.427 0.130 0 7.82 7,'.7 2.36 0
B 0.411 0.396 0.140 0 7.54 7.24 2.56 0
C O.410 0.404 0.181 0 7.46 7.35 3.28 0
D 0.451 0.454 0.180 0 8.06 8.12 3.23 0
E o.41o 0.401 0.136 0 7.94 7.76 2.63 0

34 P2 T3 H0  A 1.570 1.441 O.o4 0.0005 31.0 28.4 1.86 o.01
B 1.563 1.405 ('.o65 0 31.2 28.0 1.30 0
C 1.621 1.40 0.072 0.0009 32.1 30.5 1.42 0.02
D 1.628 1.606 0.086 0.0010 31.7 31.3 i.67 0.02
E 1.443 1.359 0.062 0 30.4 28.? 1.30 0

35 P2 T 3 H A 0,989 0.933 0.086 0 20.1 19.0 1,75 0
B 0.884 0.828 0.102 0 18.2 17.0 2.11 0
C 0.946 0.900 0.095 0 19.3 18.4 1.93 0
D 0.968 0.931 0.092 0 19.4 18.7 1.85 0
E 0.939 o.861 0.105 o 20.4 18.8 2.29 0

36 P2 T H2  A 0.695 0.633 0.OOQ1 0 i4.6 13.9 1.92 0
B 0.671 0.614 0.103 0 14.2 13.0 2.19 0
C 0.704 o.68o 0.088 0 14.8 14.3 1.86 0
D 0.716 0.701 0.090 0 14.8 14.6 1.86 0

SE o.6L3 0.599 0.089 0 14.4 13.5 2.00 0

(a) Reference Velocity - 140 ft/sec.
Heat Innut - 300 Btu/lb air.
Combustor Pressure, P2 - 12.5 atm,.4Inlet Air Temperatuire, T. " 800 F, Tw 1.000 F.
Inlet Air Hunidity, HO4 - 0.2, HI 2P2, H2 - 4.2 lbs H20/lb dry air x 100.

(b) Calculated as N02.
N Calculated as Carbon.
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TABLE M (Continued)

CALCULATED EMISSIONIS WITH VARIATIONS IN FUELS AND OPERATING CONIDITION a

(ioraf
*1 Emission Index,

Test Mass of Emissions. lbs/hr fuel
Cond. Test Test (b b c (b) (b) -- ()No. Conds. ruel] O.. NO, CO_ _HO .Q NO NO 00 10

37 p 3 T~ 0 H A 0.687 0.719 0.909 0 6.67 6.98 8.82 0
B 0,696 0.68z 0.796 o 6.64 6.70 7.82 0
C 0.725 0.758 0.806 0 7.06 7.19 7.84 0
1) o.692 0.78 x.ot6 0 6.64 6.79 9.7L4 0
E 0.710 0.719 0.649 o 7.37 7.4? 6.74 0

38 p3 T0 H1  A 0.498 0.492 1.191 0.0042 4.98 4.92 11.9 0.04
B 0.500 0.497 0.936 0 5.05 5.02 9.45 0
C 0.515 0.512 0.919 0 5.16 5.13 9.21 0
1) 0.504 0.510 1.118 0 4.97 5.04 11.0 0
E o.488 0.463 0.805 0 5.21 1".95 8.6o 0

39 P3 To H2  A 0.360 0.352 1.099 0.0141 3.71 3.62 11.3 0.14
B 0.357 0.369 1.178 0.0140 3.71 3.84 12.3 0.15
C o.366 0.372 1.294 0.0142 3.77 3.84 13.4 0.15
D 0.350 0.359 1,566 0.0158 3.56 3.65 15.9 0.12L
E 0.353 0.324 1.112 0.0133 3.88 3.56 12.2 0.15

40 P 3 T1I H 0  A 0.753 0,845 0.445 0 8.98 10.1 5.30 0
3. 0.783 0.787 0.449 0 9,43 9.48 5.40 0
C 0.852 0.76? 0.514 0 10.2 9.17 6.15 0
D 0.849 0.948 o.603 0 9.99 11.2 7.26 0
E 0.744 0.768 0.407 0 9.88 91.80 5.19 0

41 P 3 T1 H1  A 0.5*70 o.596 o.665 0 7.04 7.36 6.21 0
B 0.54.9 0.528 o.648 a 6.86 6,59 8.09 0
O 0.530 0.541 0.655 0 6..56 6.70 8.10 0
D 0.540 0.548 0.711 0 6.59 6.68 8.67 0
9 0.523 0.532 0.552 0 6.92 7.03 7.29 0

42 P3 T1 "2  A 0.380 0.386 0.757 0.0069 4.82 4.91 9.61 0.09
B 0.344 0.353 0.717 0 4.42 4.54 9,21 0
O 0.348 o.361 0.774 0 4.43 4.60 9.86 0
D 0.364 0.382 0.824 0 4.57 4.79 10.3 0
E 0.347 0.351 0.668 o.oo68 4.71 4.77 9.08 0.09

(a) Reference Velocity - 140 ft/sec.
Heat Innut - 300 Btu/lb air.
Combustor Pressure, P3 15.0 at&.
Inlet Air Temnreraturs, To - 400 F, T, w 600 7?.
Inlet Air Humidity, H0Oi 0.2, F{ 2.2, HP2 4.2 lbs, 2012 /lbw dry air x10

(b) Calculated as NO2.
(e) Calculated as Carbon.
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TABIE 1U (continued)

CA1JCUIATED EMISSION~S WITH VARIATIONS IN FUELS A'ND OPiRATING (CjINITINS(a)

E~mission Index,
Test Maso mslplsh lbeZ/lOOOlbs fuel
Cond. Test Test (b) (b) (c) (b) (b) (c)
No.- Coxids& 'el NO0 NO co 0

Is- - - 12-_Q

43 P3 T2 H0  A 1.134 1.091 0.394 0 16.1 15.5 5.59 0
B 1.170 1-107 0.318 0 16.8 15.8 4*.55 0
C 1.157 1.103 0.372 0 16.4 15.7 5.28 0
D 1.222 1.162 0.378 0 17.1 16-3 5.29 0
E 1.135 1.018 0.352 0 17s2 15.4 5.314 0

44 P 3 T2 H I A 0.782 0.834 0.200 0 11.4 12.2 2.94 0
B 0.830 0.802 0.232 0 12.3 11.9 3.43 0
C 0."833 0.832 0.227 0 12.2 12,2 3.33 0
D 0.845 0.835 0.212 0 12.2 12.1 3.6 o
E 0*722 0.708 0.218 0 11.3 11.1 3,41 0

45 ~ ~ o P" ToH .6 .565 0.238 0 8.63 8.7 42 0
B 0.554 0.525 0.336 8.50 8.05 5.16 0
0 0.587 0.570 0.312 0 8.92 8.66 4,74 0
D 0.587 0.574 0.309 0 8.79 8.59 4,62 0
E 0.522 0.494 0.342 o 8.46 8.01 5.54 0

46 P 3 T 3 H 0  A 1.7?0 1.?28 0.078 0 29.2 28.5 1,29 0
B 1.718 1.602 0.080 0 28.6 26.7 1.33 0
C 1.830 1.72? 0-077 0.0045 30.2 28.5 1.27 0.07
D 1.987 1.863 0.089 0.0011 32.3 30.3 1.44 0.02
E 1.836 1.704 0.089 0 32.3 30.0 1.57 0

47 p 3 T 3 H1I A 1.361 1.268 0.12? 0 23.1 21.5 2.16 0
B 1.238 1.136 0.14~6 0 21.2 19.5 2.50 0
C 1.298 1.222 0.134 0 22.1 20.8B 2.26 0
D 1.338 1.316 0.153 0 22.4 22,0 2.57 0
E 1.202 1.124 0.138 0 21.8 20.4 2,49 0

48 P 3 T 3 H2  A 0.924 o.885 0.095 0.001 16.2 15.5 1.66 0.02
B 0.8q0 0.828 0.107 0.0047 15.8 14.7 1.88 0.08
C 0,899 0.865 0.104 oo045 15.8 15.2 1.83 0.08
Di 0.910 0.913 0.109 0.0023 15.7 15.8 1.88 0.04
9 0.851 0.815 0.099 0.0027 15.9 15.3 1.85 0.05

(a) Reference Velocity M 140 ft/sec.
Heat InPut - 300 Btu/lb air,
Combustor Pressure, P3 - 150 mtmn.
Inlet Air Temperature, T, 800 F', T -1000 F'.
Inlet Air Humidity, H0  0.2, H 1 2.2, H2  4.2 lbs H20/lb dry air x 100.

~b Calculated a5 N102.
Calculated as Carbon.
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CALCUATED EYSSIONS WITH VARIATIOtNS IN FUE= AKD OPERaTING COtDITIONS (a)

CALCULATELJprize ISIN TdFuels)

Emission Index,
'Test Mass of Emissions. lbs/hr lbs!10OO-lbs fuel
Cond. Test Test (b) (b) (C) (b) (b) (c)

49 PITI F I H0  A 0.341 0.314 0o128 0 12.Z 11.3 4.61 0B 0.334 0-308 0o136 0 t2.1 11.1 4.9 0
C 0,340 0.3t9 0.131 0 12.2 11.5 4.7 0
D 0.355 0.333 0.133 0 12.6 11.8 4.7 0
E 0.316 0.2n2 0.127 0 11.5 10.6 4.6 0

53 P TI7 H A 0.221 0.215 0.208 0.0049 8.18 7.95 7.72 0.18
B 0.2'2 0.220 0.251 0.0083 8.26 8.22 9,38 0.31
C 0.228 0.217 0.221 0.0042 8.46 8.04 8.18 0.16
fD 0.233 0.223 0.222 0.0038 8.50 8.14 8.08 0.14

B 0.212 0.196 0.224 0.0068 7.97 7.36 8.,0 0,26

57 PIT I7H2 A 0.146 0.137 0.335 0 5,57 5.24 12.8 0
1B 0.143 0.142 0.360 0.049 5.50 5.46 13.8 0.19c o.146 0.138 0.366 0 5.57 5.29 1,o0 o

D 0.151 0.147 0.388 0.0019 5.67 5.53 !4.6 0.0'?
E o.13? o.18 o.361 0.0041 5.30 4.97 14x. 0.16

50 P TFH A 0,,43 0,450 0.117 0 20,6 19.2 4.97 0
21 B 0.492 0,458 0,114 0 20.8 19.7 4.90 0

C) 0.52 0.494 0.110 0 20 20.7 4.64 0.494 0.460 0.112 0 21.1 19.7 4.81 oD 0,525 0,494 0.110 0 22.0 20.7 4.64 o
Z 0.466 0.438 0.110 0 20.2 18.9 4.78 0

54 PIT2 F1 H1  A 0.277 0.262 0,138 0 12.2 11.5 6.03 0
B 0.281 0.261 0.129 0 12.5 11.6 5.74 0
C 0.288 0.272 0.127 0 12.7 12.0 5.58 0

B o.263 0.243 0.128 0 11.B 10.9 5.70 0

58 P IT 2FtIH 2 A 0.189 0.182 0.222 0 8.52 8.20 9.99 0
-•B 0.i9 0.?? o.256 o 8.92 8.11 11.8 0
SC 0.194 0.181 01228 0 8,80 8,23 10.3 0

D 0.i97 0.182 0,241 0 8.80 8.12 1008
E 0.176 0.166 0.232 0 B,09 7.63 10,7 0

(a) Reference Velocity - 140 ft/sec.

Oombitstar Pressure, P1 I -14.0 at,.v.: Inlt Air Temperature T - 60 F, T :800 F;

Inlet Air Humdty, H0 - 0.2. H1  2.2., H2  4.2 lbs H20/lb dry air x 100.

M Calculated as carbon.7
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TABLE 16 (Contlnued)

UALCULATED EMISSIONS WITH VARIATICNS IN FUELS AMD uPEsATINC, CONDITILIS (a)
(Prevaporized Fuels)

I •Emission% Index,

Test Lass of Emis.aons. lbs/hr _bs41200-jbs fuel
Cond. Test Test (b) (b) (e) (b) (b)

N. Conds. uel NO 0O CO He0 -4 14~- X0 -go- Jn

1 P 2 TgFI{ A 0.448 0.429 0.114 0 12.8 12.2 3.26 0
B 0.470 0.451 0.124 0 13.6 13.0 3.58 0
C 0.482 o.451 0.11'. 0 13.8 12.9 3.21 o
D 0.474 0.458 0.126 0 13,4 12.9 3.57 0
9 o.40o5 0.380 0.141 0 11.8 11.0 4•.09 0

55 PiTIFIHI A 0.276 0.253 0.302 0.0065 8.18 7.49 8.93 0.19
1 B 0.264 0.253 0.317 0.0036 7.87 7.55 9.45 0.11

C 0.253 0.264 0.336 0.0052 7.49 7.80 9.93 0.16
D 0.298 0.289 0.284 0 8.70 8.44 8.28 0
8 0.249 0.231 0.350 0 7.47 6.94 10.5 0

59 P 2 TIFIH2 A 0.202 0.193 0.452 0 6.16 5.89 13.8 0

SB 0.183 0.183 0.542 0.0024 5.67 5.67 16.8 0.07

C 0.201 0.160 0.650 0.0106 6.16 4.91 19.9 0.33
D 0.210 0.205 0.473 0 6.35 6.19 14.3 0
9 0.159 0.147 0.730 0.0224 4,94 4,56 22.7 0.70

52 P2T2F IH A 0.650 0.633 0.137 0 22.0 21.5 4.64 0
2B 0.629 0.608 0.133 0 21.5 20.8 4.55 0

C 0.672 D.674 n.i34 0 22.9 22.9 4.56 0
D 0.678 0.657 0.130 0 22.7 22.0 4.34 0
z 0.62? 0.592 0.127 0 21.6 20.4 4,39 0

56 P2T2 F1 H1  A 0.383 0.360 0.170 0 13.4 12.6 5.95 0
B 0.362 0.349 0.166 o 12.8 12.4 5.88 0
C O.381 0.357 0.163 0 13.4 12.6 5.75 0
D a.398 0.367 0.158 0 13.8 12.? 5.50 0
E 0.357 0.336 0.158 0 12.7 12.0 5.63 0

60 PZT2IH, A 0.259 0.240 0.256 0 9.40 8.69 9.29 0
B 0.238 0.221 0.269 0 8.71 8.08 9-84 0
C o,2,49 0.247 0.259 0 q.04 8.99 9.42 0
D 0.280 0.261 0.254 0 9,99 9.31 9.07 0
s 0.240 0.222 0.263 0 8.81 8,15 9.67 0

(a) Reference Velocity - 140 ft/sec.
Combustor Pressure, P9 - 12.5 atm.
Inlet Air Temperature, T - 600 F, T2 - 800 F.
Heat Iniut, FI - 150 Btu~lb air.
Inlet Air Humidity, H0 * 0.2, H1 - 2.2, H2 4J..2 lbs H2 0/ib dxy air x 100.

b Calculated as NOn.
(c) Calculated as9 carbon.
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LA 16&J (Continued) .

SOCALCULATWD RMISSjIoS WITH VARIATIQ•S IN MU AWD O TIIG C(MI)ITI••S ()
(Pren'-porised Fuels)

Emiesion index,

Test Mass of Eness o• Jh_1000- uel
Cond.* Test Test (~b) (b) (c)(b c
No1  Co2nds. eu) _20~ HO_ CO NO

P61JH A 0,346 0.335 0.250 0 8.29 8,04 5.98 0
B 0.333 0.319 0.272 0 8.07 7.71 6.58 0
C 0.329 0,306 0.337 0 7.91 7.36 8.1o o
D 0.364 0.362 0.246 0 8.61 8.55 5.81 0
E 0.345 0.330 0.267 0 8.40 8.04 6.50 0

66 POTJ4 2HF A 0.201 0.182 0.143 0 7.23 6.56 5.15 0
B 0.193 0.180 0.138 0 7.03 6.53 5.00 0
c 0.199 0.190 0.16 0 7.19 6.84 5.63 0
1D 0.208 0.192 0.151 0 7.38 6.82 5%34 0
1 0.199 0.185 0.155 0 7.27 6.74 5.67 0

67 PýeFI A 0.696 0.556 0.552 0 12.5 10.0 9.94 0
3421 B 0.523 0.531 0.538 0 9.52 9.67 9.79 0

C 0.535 0.531 0.475 0 9.66 9.58 8.57 0
D 0.569 0.577 0.493 0 10.1 10.2 8.76 o
1 0.492 0.494 0.482 0 8.99 9.03 8.81 0

68 P4TO?2M1  A 0.276 o.261 0.63t 0 4.88 4.63 11.2 0
B 0.263 0.253 o.614 o 4.71 4.53 11.0 0
C 0.257 0.259 0.968 0.0312 4.57 4.61 17.2 0.56
D 0.291 0.298 0.653 0 5.10 5.21 11.4 0
E 0.272 0.245 0.753 0.0082 4.89 4.41 13.6 0.15

69 P4T3F2 H1  A 0.579 0.561 o.186 0 17.5 16.9 5.63 0
-- 3 B 0.559 0.539 0o210 0 17.0 16.4 6.41 0

C 0.588 0.542 0,204 0 17.8 16.4 6.16 o
D 0.580 0.582 0.186 0 17.3 17.3 5.53 0
E 0.538 0.521 0.182 0 16.5 16.o 5.58 0

64 P 4TF2Ho A 0.539 0.509 0.1% 0 1?.5 11.8 3.57 0

4B 0.519 o.489 0.154 0 12.2 11.5 3.62 0
C 0.578 0.522 0.146 0 13.5 12.2 3.40 0

SP 0.571 0.548 0.153 0 13.1 12.6 3.50 0
1 0.539 0.512 0.152 .0 12.7 12.0 3.58 0

(a) Reference Velocity - 140 ft/sec.
Combustor Pressure, P - 7.5, P a 15.0, P - 11 25 atm.
Inlet Air Temperature, T - 400A, T3 1 •0.r, T

Inlet Air Hualdity, H0 -o.2, HI - 2,2 TIbs H20/Ib dry air x 100,

ýb) Caculated a: N02 .
) Calculated as carbon.
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TABLE 16 (Continued)

CALCUIATEI EMISSIONS WITH VARIATIOMS IN PF12S AND OrATjING CONDITINS ka)
t.Prevanorized Fuels)

Emission Index,
Test Mass of Emissions, lbs/hr lbfl/O0O-lbs fuel
Cant. Test Test (b) (b) 77b -_b)((c
No. Conds._ Fuel __O110. NO CO HC NOW NO co W,

65 P4T4F2K2  A 0.240 0,240 0.581 0 5.92 5,92 14.3 0
B 0.243 0.225 0.583 0 6.07 5.63 14.6 0
C 0.225 0.196 0.730 0.0057 5.57 4.86 18.1 J.14
D 0.238 0.222 o.654 o 5.80 5.41 15.9 0
S 0,238 0.225 0.575 0 5.99 5.66 14.4 0

63 P4T4 FeH1  A 0.298 0.285 0.350 0 16.0 15.3 18.8 0
B 0.292 0.281 0.235 0 16.0 15.3 12.8 0
C 0.288 0.278 0.231 0 15.5 15.0 12.5 0
D 0.296 0.287 0.236 0 15.7 15.3 12.6 0
E 0.272 0.267 0.248 0 14.9 14.6 13.5 0

62 P4 T4 F3H1  A 0.630 0.635 0.404 0 9.71 q.78 6.22 0
0B .640 0.592 0.388 0 9.97 9.23 6.06 0

C 0.597 0.593 0.479 0 9.?j 9.14 7.39 0
D 0.631 0.621 0.487 0 9.59 9.44 7.40 0
S 0.628 0.584 0.429 0 9.82 9.14 6.72 0

(a) Reference Velocity . 140 ft/sec.
"Combustor Pressure, P4 - 11.25 atm-
Inlet Air Temnerature, T4 - 700 F.
Heat Input, F' - 100, F2 - 225, F - 350 Btu/lb air.
Inlet Air Hnumdity, HA - 2.2, A2 4.2 lbs H2 0/lb dry air x 100.

(b) Calculated as N02.
(c) Calculated as carbon.
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CALCULATEJ EfISSIO!I WITH VARaItIONS IN FUILS A1-D OPERATING GOEDITIONS a(Pr ss r Atomize P •-u . ....

Emission Index,
Test Mass of Zm jajeons. Its/hr I/1 1-tuel
Cond. Test Test (b) (b) (c) (b) (b) .()

449 PTHT A 0.297 0.286 0.071 0 10,6 1012 2.55 0
PB o.2?1 0.25? 0.069 0 9.82 9.32 2.50 0

C 0.293 0.277 0.070 0 10.5 9.98 2,52 x
)D 0.319 0.300 0.067 0 11.z 0o.6 2.38 0
3 0.276 0.259 0.070 0 1010 9.41 2.53 0

53 PIT P1 H A 0.179 0.173 0.127 0 6.64 6.41 4.71 0
1B 0.174 c.164 0.130 0 6.49 6.14 4.85 0

C 0.187 0.180 0,123 0 6.94 6.65 4.54 0
1D 0.198 0.187 0.123- 0 ?.21 6.82 4.50 0
z 0.1?3 0.166 0.126 0 6.52 6.23 4.•4 0

57 PITI7FH 2  A' 0.123 0.117 0.195 0 4.71 4.48 7.43 o
B 0.114 0.109 0.205 0 4.39 4.19 7.9o 0
C 0.118 0.111 0.223 0 4.50 4.25 8.5o 0
D .126 0.119 0.227 0 4.72 4.47 8.53 0
B 0.111 0.101 0,212 0 4.32 3.92 8.21 0

50 P1 T2 1 H0  A 0.459 0.445 0.048 0 19.5 18.9 2,02 0
2 1 .440 0.419 o.a6o 0 19,0 18.1 2.59 0
O 0.444 0.429 0.056 0 19.0 18.3 2.41 0
D 0.41911 0.480 0.059 0 20.8 20.2 2.49 0
1 0.425 0.408 oo.60 0 18.4 17.7 2.61 o

54 A 0.316 0.300 0.081 0 13.8 13.2 3.54 0" iT2FHI
S0.285 0.276 0.092 o 12.7 12.2 4.07 o
C 0.298 0.281 0.094 0 13,1 12.4 4.12 0
D 0.327 0.311 0.089 0 14.2 13,5 3.87 0
1 0.276 0,266 0.o85 0 12.3 11.9 3.81 0

58 PiT2PFH2 A 0.192 0.181 0.160 0 8,67 8.20 7.27 0
1B 0.172 0.165 0.181 0 7.88 ?.56 8.31 0

C 0.184 0,174 0.190 o 8.37 7.9o 8.64 o
D 0.197 o.17-4 0.193 0 8,80 7.75 8.61 0
1 0.170 0.156 o.186 0 7.83 7.21 8.59 0

(a) Reference Velocity a 140 ft/sec.
Combustor Pressure, PI - 10.0 atm.
Inlet Air Tenneraturs, T,. 600Y', T2 - 800?
Heat Input, Pr a 150 Btu:ib air.

( Inlet Air Huaa dity, H0  0.2, H1 f 2.2, k- a,.2 iTS H2i/lb dry air x WO0.

( )Calculated as carbon.
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TABL 1? (Continued)

AIJLATgM• •SWSI S WITH VARIATIONS IN FUMS AND) 0P TýA G GCOIJITIONS (a)
.(Pessure Atomised Puel)

!missiar. Index,,
Test Mss Of N sios lb/ID Iba/0-1s 1
Cond. Test Test (b) (b) . () (b..) (c)
Nog 0ns. Fuel NO, 04 S._ J J L

51 P2TFI1 H0 A 0.393 0.373 0.114 0 11.2 io.6 3.24 0
B 0.380 0.355 0.110 0 11.0 10.3 3.18 0
c 0.387 0.369 o0,oB o 11.i io.6 3.10 0
D 04411 0.389 0.111 0 11.6 11.0 3.13 0
E o.366 0.339 o.1•4 o io,6 9.85 3.33 0

55 P2TFIIKI A 0.235 0.231 0.162 o 6.95 6.84 4.79 0
B n.217 0.214 o.16o 0 6.49 6.38 4.78 0
o 0.230 0.224 0.159 0 6.8o 6.64 4.56 0
D 0.232 0.237 0.155 0 6.75 6.91 4.53 0
B 0.213 0.210 0.152 0 6.40 6.30 4.57 0

59 PTFH A o.162 o.1?o o.225 0 4.97 Sag 6.88 0
2 0.153 o.149 0.241 0 4,74 4.63 7.45 0

o 0.154 o.14q 0.237 0 4.73 4.57 7.27 0
D 0.168 o%165 0.237 0 5.09 4.98 7.16 0
E 0.148 0.i43 0.231 o 4.61 4,45 7.16 0

52 PTRF IHo A 0.595 0.588 o.o68 o 20.2 19.9 2.32 0
2 1 B 0.567 0.553 0.073 0 19.4 18.9 2.52 0

C o.610 0-583 0.077 0 20.8 19.8 2.63 0
1D 0.612 0.590 0.073 0 20.5 19.7 2.45 0
3 0.569 0.$40 0.Df5 0 19.6 18.6 2.58 0

56 PTFHI A 0.397 0.389 0.140 0 13.9 13.6 4.92 0
B 0.349 0.337 0.135 0 12.4 12.0 4.79 0
c o.364 o.361 0.120 0 12.8 12.7 4.23 0
3D 0,385 0.377 0.117 0 13.4 13.1 4.05 0
z 0.336 0.336 0.136 0 12.0 12.0 4.85 0

6o PT1F H2 A 0.235 0.228 0.217 0 8.50 8.27 7.87 0
B 0.227 0.222 0.252 0 8.31 8.13 9.22 0
o 0,236 0.239 0.239 0 8.58 8.70 8.71 0
3D 0.259 0.254 0.26o 0 9,24 9.06 9.27 0

( e n 0.258 0.253 0.265 0 9.48 9.32 9.76 0
(a) Reference Velocity - 140 ft/sec,

Combustor Pressure, P2 w 12.5 ata/
Inlet Air Tem'-ratmre, T w 6a2 F, T 8
Heat Tnput F - 150 tulb air.
Inlet Air Hum d ty, H0 - 0.2, H1 " 2.2, H.2  4,2 lbs H,0/lb dry air x 100.

(b) Calculated as No-,.
(c) Calculated as carbon.
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T&AKEg1 (Continued)

CAUMATED £MISs31ONS WITH VARIATIOmS IN MU ANan OPERATING CONDITIOt3 (KA
(Pressure Atcmized Fuel)

Smission Index,
Test Ms of Eamoss ,, jb/hj ls/ 100-1bbs fuel
Cond. Test Test (b) (b). () (b) (b) (c)

74NO* Conds. L!2l -NO-* NO to HC N ~ O
- - - - -7 4.4 0

61 P4T4 2H1  A 0.315 0.203 0.187 0 7.55 7.03 44
B 0.32s 0.297 0.193 0 7.84 7.19 4.67 0
C 0.329 0.310 0.190 0 7,90 7.45 4,58 0
D 0,350 0.324 0.203 0 8.28 7.66 4.81 0
t 0,322 0,300 0.208 0 7.82 7.31 5.56 0

66 PoTF2H A 0.191 0.172 0.115 0 6.86 6.18 4.13 0
o,.21 B 0.176 0.168 0.116 0 6.40 6.13 4.22 0

C 0.192 0.170 0.U.12 0 6.95 6.14 4.04 0
D 0.201 0.178 0.108 0 7.14 6.31 3.82 0
z 0.180 o.16o 0.115 0 6.57 5.84 4.21 0

67 P3 TiF2H, A o.449 0.45$ 0.225 0 8.10 8,13 4.95 0B 0.423 0.413 0.256 0 7.70 7.53 4.67 0

0 0.453 0.442 0.239 0 8.18 7.98 4.32 0
D 0.465 0.455 0.244 0 8,25 8.09 4.34 0
E 0.431 o.043 0.232 0 ?.88 ?.94 b.,4 0

68 P 4 ToF2H A 0.226 0.194 0.439 0 4.01 3.43 7.79 0
0B 0.199 0.187 0.421 0 3.56 3.36 7.55 0

C 0.218 0.213 o.468 0 3.88 3.79 8.32 0
D 0.226 0.211 0.464 0 3.96 3.70 8.12 0
E 0.273 0.193 0.416 0 4.01 3.47 7.49 0

69 P4T F H A 0.484 O.M21 0.114 0 14.6 15.7 3.43 0

B 0.482 0,460 0.128 0 14.7 14.0 3.90 0

o 0.5Z2 0.500 0,127 0 15.8 15.1 3.85 0
D 0.524 0.506 0.117 0 15.6 15.1 3.49 0
R o.463 0.o488 0.114 0 14.2 15.0 3.51 0

64 P4T4 F2 H0  A 0.521 0,490 0.150 0 12.1 11.4 3.49 0
B 0.504 0o.466 0.136 0 11.8 10,9 3.19 0
C 0,524 0.488 0.131 0 12.2 11,4 3.06 0
D 0.525 0.500 0.143 0 12.0 11.5 3.27 0
E 0.511 0.475 0.141 0 12.1 11.2 3.32 0

(a) Reference Velocity - 140 ft/sec.
Combustor Pressure, P0  7.5. PR a 15.0, P4 - 11.25 atv.
Inle•t Air Te....rature T - ..OOF, T- 3 ow1 F0 Ti w 700 F.
Heat Input, F2 a 225 Btu2Tb air.
Inlet Air Humidity, H. w 0.2, Hi - 2.2 lbs H20/lb dry air x 100.

(b) Calculated as NO2
(c)Calculated as carbon.
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£AIL._17 ý.jontinued)

CALUIb3kTED EMISSIONS WITHi VARIATIONS IN FUELS AND OPERATING CONDITIONS (&I
S(Pressure Atomized Fuel)

SEmission Index,

Test Mass of Emiss ions, .bs/hr lbs•1000-lbs fuel
Cond. T-st Test 7b) (b) (c) (b) (b) (c)
No. Conds. Fuel NO NO CO W NO, NO CO

65 P4T;4F2H 2  A 0.231 0.222 0.308 0 5.70 5.48 7.62 0
B 0.226 0.210 0.322 0 5.65 5.25 8.04 0
C 0.230 0.214 0.343 0 5.68 5.29 8.48 3
D 0.236 0.226 0.348 0 5.76 5.51 8.50 0
E 0.21? 0,204 0.333 0 5.,15 5.13 R.38 0

63 PVT4 F0 H1  A 0.200 0.194 0.135 0 10.8 10.4 7.26 0
B 0.19? 0.186 0.128 o 10.7 10.1 7.00 0
C 0.209 0.202 0.117 0 11.3 10.9 6.3T 0
D 0.205 0.196 0.128 0 10.9 10.4 6.82 0
E 0.202 0.201 0.118 0 11.1 11.0 6.45 0

62 PjT 4 F 3 H 1 A 0.470 n.434 0.313 0 7.24 6.69 4.82 0
B 0.449 0.421 0.351 0 7.00 6.56 5.47 0
C 0.457 0o437 0,360 0 7.05 6.74 5.55 0
D 0.474 0.459 0.356 0 7.21 6.98 5.41 0
E 0°456 o.416 0.290 0 7.14 6.51 4.54 0

(a) Reference Velocity w 140 ft/sec.
Combustor Pressure, P4 - 11.25 atm.
Inlet Air Temnerature, T4  700 F.
Heat Input, tF - 100, F2 - 225, 3 w 350 Btu/lb air.
Inlet Air Humidity, H,1 2.2, H2 - 4,2 lbs H2 0/lb dry air x 100.

(b) Calculated as NO2 .
(c) Calculated as carbon.
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9. APPENDIX 3

(Gtatistical Analyses of Data)

the object lves of this experimental investigation were to dete-ine
thno ýt,:'ects which differences in JP fuels and operating var!.-abes have o.1

'nime radiance and exhaust emissions of nitrogen oxides, carbon monoxide,
unburned hydrocarbons, and soot. Five kerosene-type fuels were selected to
span the& a•lowable range in molecular structure: including normal paraffins,
iao-1;ffins, cycloparaffins and aromatics. Prevaporization and pressure
,toinization of fuels introduced to the combustor were included to minimize ani
mnaximize differences in physical properties of the fuels. Inlet air humidity
was included as an operating variable in the investigation.

The experimewntal investigation was divided into two segments.
i'rogram _ was an extension of the study conducted in the previous investiga-
tion (8) at four levels of combustor pressure, four levels of inlet-air temper-
ature, three levels of inlet-air humidity and single levels of heat input rate
and reference vel~ocity. The current study was conducted with pressure atomized
rather than prevaporized fuels. The remainder of the investigation consisted .
of a 21 point program with both prevaporized and pressure atomized fuels to
evaluate the effect of heat input rate as an operating variable on flame
radiance and exhaust emissions.

Detailed data obtained during the current investigation are presented
in Appendix 2 (Section 8.). The data obtained with prevaporized fuels at the
48 combinations of operating conditions used in Program 1 are presented in
Tables 16, 17, and 19 of Reference 8 and have been combined with the data
obtained during the current investigation to evaluate the effect of the method
of introduction of fuel into the combustor. Analyses of Variance of data for
flame radiance, smoke emissions, NOx, NO, and CO emissions for various combina-
tions of operating variables were made. Values for unburned hydrocarbons were
-ither zero or very low for most of the test points and detailed analyses of
the data were not made. Empirical equations were developed for each response
on the basis of statistically significant effects and interactions to use in
the evaluation of the data obtained.

Two equations were developed for each response with one set of
equations based on data from Program 1 and the other set of equations based on
a small program to evaluate the effect of heat input rate. Prograr, 1 ccnsisted
of a 4 x 4 x 3 x 2 experiment with four levels of combustor pressure from 7.5
to 15.0 atmospheres, four levels of inlet air temperature from 400 to 1000 F,
three levels of inlet air humidity from 0.002 to 0.042 pounds of water per
pound of dry air and two methods of introduction of fuel to the combustor
(pressure atomized and prevaporized). Equations for the small program were
based on a 2 x 2 x 2 x 2 x 3 experiment with two levels of combustor pressure
of 10.0 and 12.5 atmospheres, two levels of inlet air temperature of 600 and
800 F, three levels of inlet air humidity of 0.002, 0.022 and 0.042, two
methods of introduction of fuel to the combustor (pressure atomized and pre-
vaporized) and two levels of heat input were obtained to provide a balanced
experiment by combining data at a heat input rate of 150 Btu per pound of air
in the small program with data at a heat input rate of 300 Btu per pound of
air in Program 1. Program 1 with the wider range and multiple levels of
variables provides better estimates (at fixod heat input) of the responses
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covered than the equations developed for the small program. While the equations
from the smaller program provide a muasure of the effect of heat input rates
over a narrow range of the other operating variables the interactions with heatI input rate complicate the relationships. The estimated equations are pre6ented
in Tables 18 to 27. Values of the responses for each equation wre calculated
at the extremes of the ranges of the operating variables for the empirical
-equations to provide comparisons of the effects of fuels on flame radiance and
exhanat emissions over a wide range of operating conditions. The calculated
va.u,_ - are presented graphically in Figures 13 to 61 to provide comparisons of
the sffects "tt fuels and operating variables on flame radiance and exhaust

S•-miesioni.

9.1. Fuel Effects

In all graphical comparisons of the effects of fuels on flame radi-
ance and exhaust emissioDA the fuels have been listed in the order of increas-
ing fuel hydrogen content. As shown in Table 3 hydrogen content of the fuels
varY from 13.8 per cent for Fuel D to 15.5 for Fuel E.

The effects of differences among the five fuels on total radiant
energy e-re shcwn in Figures 13, JA, and 15. The magnitude of the calculated
total radiant energy varies with the levels of combustor pressure, inlet air
temperatnre and inlet air humidity; however, the trend is for a decrease in
flame radiance with an increase in fuel hydrogen content. In the small pro-
gram total radiant enotrgy with prevaporized fuel at the low heat input level
was very low and either did not change with fuel hydrogen content or increased
slightly. With pressure atomized fuel at the low heat input level total radi-
eant energy decreased with fuel hydrogen content. At an inlet air temperature
of &00 F and high Thlet air humidlty the change in total radiant energy with
fuel hydrogen content was *mull.

The effects of fuels cn vcioke emissions are shown in Figures 16 and
17. At high levis of heRa input and low inlet air temperatures smoke emis-
s50ns de.reased with an increase in hydrogen content of the fuels, At either
low ljvels of heat input or high levels of inlet air temperature the level of
smoke emissiont is below the threshold of visible smoke (0.200) and fuels have
little effect on the level of smoke emissions.

Thb relationships between fuels and NO and NO emissions are shown
in Figures 18 to 23. At the high lovel of heat Input in Program 1 the small
differences in emissions are probably not of practical significance. With the
low level of heat input and $00 F inl-t air temperature and low inlet air
humidity an increase in fucl hydrogen content reduces emissions slightly.

The effects of fuels oi, CO emissions are shown in Figures 24, 25, and
26. Wi'%.h a heat input rate of 300 Btu per pound of air and an inlet air tem-
perature of 4)00 F CO emissions decr.aseo with an increase in fuel hydrogen con-
tent and fuels have no appreciable effect on CO emissions at higher inlet air
temperatures.

9.2. Effect of Mrethod• of Fuel Introduction to Combust-.x

Differences ir total radiant energy with the introduction of fuel to
the combuetoý" oy prtvaprization and pressure atomization are shown in Figures
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27, 28, and 29. In Program I with a heat kput rate of 300 Btu per pound of
air total radiant energy was greater with pressure atomized fuels than with
prevaporized fuels with an inlet air temperature of 10•0 F and was less with
an inlet air temperature of 400 F. With a high heat input rate and low inlet
air temperature combustion of the fuel may have been delayed and the point of
maximum total radiant energy may have moved down stream from the point of
observation. With a heat input rate of 150 Btu per pound of air total radiant
energy was greater with pressure atomized fuel than with prevaporized fuel at
all of the combinations of operating conditions evaluated.

Comparisons of the effects of prevaporized and preessure atomized
fuels on smoke emissions are shown in Figures 30 and 31. At 300 Btu per pound
of air heat input rate smoke optical density was greater with pressure atomized
fuel than with prevaporized fuel at the high pressure-low temperature conditions.
Smoke optical density was also greater with pressure atomized fuel fcr Fuel D
at the low temperature-low pressure condition. At the low pressure-low temper-
ature conditions for the other four fuels with higher fuel hydrogen contents
the level of smoke was below the threshold of visible smoke. At the high tem-
perature conditions and with 150 Btu per pound heat input rate the level of
smoke was also below the threshold for visible smoke.

Comparisons of the effect of methods of fuel introduction on NO, and
NO emissions are shown in Fi~.ree 32 to 37. The effect of differences in the
method of fuel introduction on NOx and NO are minor but pressure atomized fuels
produce a small reduction in emissions.

The differences in CO emissions with fuel introduced to the combustor
by pressure atomization or prevaporization are shown in Figures 38, 39, and 40.
In Program 1 with a heat input rate of 300 Btu per pound of air and an inlet
air temperature of 400 F CO emissions, with one exception, increased with pres-
sure atomized fuel. At the low temperature-low pressure conditions the increase
in CO emissions became smaller as fuel hydrogen increased. At 1000 F inlet
air temperature the change in CO emissions was very small with a slight decrease
with pressure atomized fuels. At a heat input rate of 150 Btu per pound of air
CO emissions were lower with pressure atomized fuel than with prevaporized fuel
and the largest reductions were shown with the high inlet air humidity.

9.3. Effect of Inlet Air Humidity

The effects of inlet air humnidity on flame radiance and exhaust
emissions of NOx, NO, and CO with each of the five test fuels are shown in
Figures 41 to 50. No statistically significant effect of inlet air humidity

on smoke emissions was found with any of the five fuels.

With one exception, an. increase in inlet air humidity from 0.002 to
0.042 pounds of water per pound of dry air decreased total radiant energy.

An Increase in nlot air humidity from 0.002 to 0.042 pounds of water
per pound of dry air decreased NO. and NO emissions. The decrease in emissions
varied with fuels and operating variables with the magnitude of the decrease
being from 6 to 9 pounds of NOx per 1000 pounds of fuel. The range in humid-
ities is from 14 to 294 grains per pound of dry air or from 10 per cent
relative humidity at 76 F to 100 per cent relative humidity at 100 F. The
range in humidities could be encountered with seasonal and geographic changes
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and span the 75 grain* of water per pound of dry air that the Environmental
Protection Agency has adopted as a standard humidity. It is apparenT, that
intake air humidity is an important factor in NOx emissions; however, addition-
al data are needed to provide a single correction factor for adjusting the
level of NOx emissions to a fixed level.

In Program 1 with a heat input rate of 300 Btu per pound of air the
effect of an increase in inlet air humidity was small and inconsitent although
in most comparisons the CO emissions increased with an increase in humidity
over the range investigated. As fuel hydrogen content increased the effect of
humidity on CO emissions tended to increase. In the small program CO emissions
increased with humidity and the rate of increase was greater with a heat input
rate of 150 Btu per pound of air than with a heat input rate of 300 Btu per
pound of air.

9.4. Effect of 0perating Variables

Comparisons of the effects of inlet air temperature, combustor pres-
sure, and heat input rate on total radiant energy and emissions are shown for
Fuel A and the comparisons are shown in Figures 51 to 61. While the compari-
sons are shown for Fuel A only, comparisons for the other fuels may be obtained
from the equations if desired.

In Program 1 with a heat input rate of 300 Btu per pound of air an
increase in inlet air temperature from 400 to 1000 F increases total radiant
energy and the rate of increase was greater with pressure atomized fuel than
with prevapcrized fuel. With A heat input rate of 150 Btu per pound of air
total radiant energy decreased with an increase in inlet air temperature from
600 to 800 F. An increase in combustor pressure from 7.5 to 15.0 atmospheres
increased total radiant energy with the rate of increase being greater with
pressure atomized fuel than with prevaporized fuel. An increase in combustor
pressure in the small program from 10.0 to 12.5 atmospheres increased total
radiant energy.

In Program 1 smoke optical density is below the threshold of visible
smoke at a combustor pressure of 7.5 atmospheres. At 15.0 atmospheres pressure
an increace in inlet air temperature from 400 to 1000 F decreased smoke optical
density to below the threshold of visible smoke. The rate of decrease was
greater with pressure atomized fuel than with prevaporized fuel. In the small
program smoke optical density was below the level of visible smoke at both of
the temperature and pressure comparisons. In Program 1 an increase in combus-
tor pressure from 7.5 to 15.0 atmospheres increased smoke optical density at
the low temperature conditions and the rate of increase in smoke optical density
was gr6a.er with pressure atomized fue! than with prevaporized fuel.

In Program I an increase in inlet air temperature from 400 to 1000 F
increased NOx and NO emissions with the rates of increase being g.-eater at the
higher pressure. In the small program an increase in Inlet air temperature
Sfrom 600 to 800 F increased NOx and NO emioeions. Incrsasiag comb~utor pres-
sure from 7.5 to 15.0 atmospheres increased NO, and NO emissions at the higher
temperature but had only a slight effect on the emissions at the low inlet air
temperature. In the small program an increase in combustor fror. 10.0 to 12.5
atmospheres increased NO, and NO emissions slightly.
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An increase in inlet air temperature decreased CO emissions in each
of the comparisons although the rate of decrease was greater in Program 1. In
Program 1 a change in combustor pressure had only a small effect on CO eris-
sions at the high temperature conditions. At low inlet air temperature with
prevaporized fuel an increase in combustor pressure decreased CO emissions and
with pressure atomized fuel CO emissions decreased with a small incnease in
combustor pressure and then increased rapidly. At high pressure and low
temperature vaporization and combustion may be delayed to the extent that cam-
bustion is not completed in the time available in the combustor. In the small
program a change in combustor pressure from 10.0 to 12.5 atmospheres had only
a small effect on CO emissions.

An increase in heat input rate from 150 to 300 Btu per pound of air
increased total radiant energy in all comparisons; however, the rate of in-
crease at low temperature with pressure atomized fuel was considerably less
than at the other combinations of operating conditions. At the high heat
input rate with low inlet air temperature vaporization of fuel and combustion
may have been delayed and peak emissions may have occurred past the point of
detection in the combustor. An increase in heat input rate from 150 to 300
Btu per pound of air increased smoke optical density but the level of smoke
was still below the threshold of visible smoke at the highest level of heat
input. An increase in heat input rate from 150 to 300 Btu per pound of air
decreased NOx and NO emissions at low levels of inlet air humidity and had
very little effect at high levels of inlet air humidity. The lower levels of
"NOx and NO emissions 'ith pressure atomized fuel may have been due in part to
cooling of the mixture by vaporization of the fuel. CO emissions were decreas-
ed with an increase in heat input rate from 150 to 300 Btu per pound of air
except at low inlet air temperature with low inlet air humidity and prossure
atomized fuel. At the low heat input rates CO emissions were the lowest at
these conditions but as the heat input rate was increased a delay in vapori-
zation of a portion of the fuel may have retarded complete combustion.
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